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Preface 

The second annual NSF-RANN Trace Contaminants Conference 
was held at the Asilomar Conference Grounds, Pacific Grove, 
California, August 29 to 31, 1974. This volume consists of papers 
presented at the Conference. 

The purpose of the Conference was to provide a forum for the 
review of research performed by the NSF-RANN Trace Contaminants 
Program grantees. Although the Conference was organised to serve 
the needs of NSF-RANN supported research groups, it was attended 
by a number of representatives from governmental agencies and 
from Industries which are present or potential users of the Trace 
Contaminants Program research. 

The technical program was organised In such a way as to reflect 
the research on trace contaminants In Air, Water, Soil, and Biota. 
The Conference consisted of two plenary sessions and three parallel 
sessions devoted to Air, Water and Soil, and Biological Systems. 
The first plenary session was devoted to the presentation of Invited 
papers describing the state of the art In the problem areas discussed 
at the Conference. The second plenary session, which was held the 
last day of the Conference, was for the most part devoted to three 
summary reports reviewing the presentations and the discussions In 
parallel sessions. The rapporteurs, H. W. Edwards, W. Fulkerson, 
and R. I. Van Hook, deserve special thanks for their efforts which 
resulted in a complete sacrifice of their free time. 

Responsibility for the technical program rested with the Program 
Committee, whose members were: R. A. Carrigan, H. W. Edwards, 
W. Fulkerson, T. Novakov, J. N. Pitts, Jr . , and P. F. Pratt. The 
dedicated work of the session chairmen contributed immensely to the 
success of the conference. P. J. Bekowles, D. D. Huff, J. C. Jennett, 
W. R. Lower, M. R. Patterson, J. L. Sprung, B. Weiss, A. M. Winer, 
and K. J. Yost served as session chairmen. 

Mr. T. S. Klrksey served very effectively as the Conference 
manager, who handled most of the preconference arrangements. Very 
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apecial thank* are due to Mr. C. Pezzotti who did magnificent work in 
coordinating the various u s k s and activitiei at the Conference and 
who served with great skill and expertise as the technical editor of 
this volume. Mr. A. Reuss and his colleagues did a superb job with 
the audio-visual equipment at the Conference. Mrs. K, Thompson and 
Mrs. L. R. Lewis handled the registration with great dedication and 
skill. 

Special thanks are due Dr. P. J. Bekowios who in a most dedicated 
way took care of Innumerable tasks before, during, and after the 
Conference. 

The Conference was organized by the Energy and Environment 
Division of the Lawrence Berkeley Laboratory. The help and 
encouragement of Dr. J. M. Hollander, Head of the Energy and 
Environment Division, is gratefully acknowledged. The Conference 
was entirely sponsored by the National Science Foundation - Research 
Applied to National Needs, Trace Contaminant Program. Special 
thanks are due to the Trace Contaminants Program Managers Dr. 
R. A. Carrlgan, Dr. R. S. Goor, and Dr. R. Rabin for their help and 
advice In the organization of the Conference. 

T. Novakov 
Berkeley, California 
December 1974 



WF.LCOMING REMARKS 
SFCONI) ANNUAL CONFI:RFNCF. ON TRACF CONTAMINANTS 

.lack M. Hoi Under 
Lawrence Berkeley l.ahorfll'ry 

Berkeley, California 

It Is ' real pleasure for me to reprrnent 
the huHt iniitltutlon to thin conference, the 
Lawrence Berkeley Laboratory, In extending to 
all of you a cordial welcome to thin Second 
Annual Conference on Trace Contaminants, spon
sored by the RANN program of the National 
'-•lence Foundation. This meeting Is signifi
cant, of course, because of the Importance of 
the subject matter that we shall he discuss
ing: the state of our knowledge of trace con
taminants In the environment. That signifi
cance will escape no one. 

But 1 want to focus for a moment on an
other significance that I believe it is fit
ting for .is to u;knowledg«: the significance 
of the NSF-RANN program. There is a lot of 
history in that acronym, RANN--Research Ap
plied to National Needs. Toward the end of 
the last decade, when the full Impact and 
seriousness of environmental degradation was 
beginning to register in the scientific com
munity, the will to devote some ot our collec
tive energy to the study of these problems de
veloped quickly. But many of us found that 
there was an impediment to doing so - the 
problems wc wished to pursue could not receive 
funding from our usual sources. They were 
cither too interdisciplinary, or too applied, 
or in the wrong subject area, or In no subject 
area. Or, In some cases, we were physicists 
or chemists, and not ecologlsts. Or, we had 
no prior experience in these areas. The fact 
that there was a real national need for the 
work did not seem to matter--for a while. 
But then, the National Science Foundation, 
alert to those new needs for research, begtit 
IRRPOS, a program devoted to Interdisciplinary 
research; and IRRPOS thereupon begat RANN: and 
RANN thereupon begat most of the research 
activity that we shall hear about during the 
next two days at this conference. 

The philosophy of RANN, writttm into its 
charter, has been a prime component of its 
success: flexibility has been the keynote, 
it has been flexible with respect to institu
tions, private or public. It has been flexi
ble with regard to researchers. RANN has 
never been hung up on credentials or on union 
cards: if you knew what needed to be done and 
you wanted to do it, and if you could make a 

convincing case thai would pass the critical 
peer review of the Foundation, then RANN was 
Interfiled The wcrd "relevance" Is Implied 
lit RANN's name, and nn this RANN has been 
firm: its research should not be done In a 
social vacuum. To qualify for RANN support, 
a project must have a customer: someone must 
have, and he willing to express, a need for 
the information, or the method, or the device, 
It is better still, if the customer will help 
pay for the research, or take It over com
pletely after It has become established. 

So, the RANN program was a friend in need 
to the country and to the scientific community, 
when the need developed to broaden our re
search into new areas relevant to societal 
problems. It was certainly so for my ovn 
laboratory. RANN has worked well, and thin 
conference, as well as its predecessor, Is a 
tribute to that success. 

The Conference Itself, as you c m sec 
from the program, is structured in three parts. 
First, this morning wc have four invited pa
pers whos" subjects span the entire range of 
the Conference agenda; second, we have ses
sions In Air, Water S Soil, and Biological 
Systems that run in parallel through today and 
tomorrow (though you should note the differ
ence In that today the evening is free, while 
tomorrow the afternoon is free); third, we 
have the plenary and concluding session on 
Saturday morning. 

1 am supposed to welcome you here, But 
really the best welcome that can be given to 
Asilomar Is given by the place Itself, for 
nowhere. 1 think, will one find a milieu more 
conducive to the kinds of interactions that 
lift a conference out of the ordinary and 
make of it a memorable experience. The misty, 
moody, August-morning fog, giving way to crisp 
sunny afternoon-all this adds to the experi
ence of Asilomar. So--have a productive meet
ing, and even more, an enjoyable stay tn this 
lovely place. 
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ACHIEVING PRAGMATIC SOLUTIONS TO 
NATIONAL PROBLEMS THROUGH RESEARCH 

Keynote Address 
by 

Dr. Herbert L. W)»er 
Deputy Assistant Adminietrator 

For Environmental Science* 
Ol'flco of Research and Development 

U. S. environmental Protection Agency 

August 29, 1974 

Good Morning Colleague! i 
I .lxtsnd the regrets of Mr. Russell E. 

Train. Administrator, II, S. Environmental 
Protection Agency, for not twin* able to per
sonally a d d r e n you a i plsnnsu, and nil g> od 
wishes, 1 have the double pleasure of acting 
• I hi* aurrogat* thli mornlnf and, because 
of my Intereati In the RANN program and my 
friendships and asaoclatlom with many of you, 
of being the keynote speaker at thla Important 
RANN conference. 

The Rnaearch Applied to National Needs 
Program was established within the National 
Science Foundation for the purpose ' applying 
our nation's research (forts and th» expertise 
of Its scientists more productively to 'ulflll 
national needs. The requirements of my 
Agoncy sre s imilar--Its research and develop
ment program must be quite pragmatic. 

In these difficult t imes it Is Important 
that we, as scientists and science managers, 
addreas questlors that not only Interest us 
professionally, but also--and particularly--
those that must be answered for our Nation's 
high priority problems to be resolved. 

The solutions we achieve must be trans
latable Into practical and usable form. An 
abstract theoretician, to use an extreme ex
ample, may produce a formula not obviously 
recognisable as practical, Such creativity la 
very valuable, but its germination Into appli
cability requires Interpretation and trans
formation by applied theoreticians and experi
menters. 

I know that among this exceptionally ex
perienced group are scientists who know how 
*.c obtain answers to virtually any specifically 
directed question In their discipline. But 
complex problems require a coordinated In
terdisciplinary attacU. The correct and entire 
question must first be idt-.tlfied and then 
answered. A less than total solution may mis
lead us Into taking erroneous actions. An 
overworked research effort is waatoful, 

Each of you, In accordance with your own 
expertise and professional disciplines, can 

solve those psrts of the problem you arc best 
qualifier to solve. As a group, however, 
aiming v 1th a common group purpose to un
ravel and resolve complex Issues , tin- proba
bility of success will he higher and results 
achieved more effectively and perhaps more 
quickly. 

The energy shortage Is our nation's 
principal technological problem. The nation 
is depending on us also for relief--for na
tional self-sufficiency. 

Many government departments and 
agencies worked together all aprlng and sum
mer to develop an Environmental Science 
Research It Development Program whose 
purpose Is to minimise the effects on health 
and environment of new and expanded anergy 
processes . The energy processes considered 
were oil , oil shs le , coal, synthetic fuels, 
nuclesr, geothermsl and solar energy and 
conservation. 

We Identified, as best we could, with 
aaststance from the process developers, 
potontlal pollutant* or pollutant types and, 
from extraction to conversion to use to was "v 
disposal, developed an Environmental Science 
Research i Development Program, covering 
a l lmodla , for health effects, ecological 
processeu and effects, monitoring and mea
surement methodology, and integrated a e i o s s -
meut (soclo-economlce), Specific objectives 
and milestones were established and prior
itised as to the need and Importance of the 
knowledge to be obtained for fulfilling that ob
jective. The milestone schedules were set in 
order for the research outputs to be useful in 
a timely manner by the energy process 
development and control technologists. A 
research output would have doubtful value if 
it were provided after plants and processes 
were In full production. Management pro
visions were identified for the continuous 
flow of information between the environmental 
sc iences , energy process developers, and 
control technologists. 

Scientists are inventive. Assume that 
a now or improved energy source or process 
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for the abundant production of energy i t de
veloped. It 1> important that we then con
s ider the overal l effectiveness of this finding. 
It if not sufficient that the process mere ly be 
workable . It must not be dependent on a luel, 
raw mate r i a l or natural resource that Is r a r e , 
that will be difficult to obtr.in. The p rocess 
must also be efficient and economical , and 
the product del iverable to the u s e r s . These 
i l lustratu Home of the things to which sci
en t i s t s , as a group, should give more con
s iderat ion. 

Second, the environmental impart ol 
that pro to SB , source , and usage should be 
considered. Does the process do more good 
than h a r m ? Consideration of the energy 
which is needed must be balanced against ad
ve r se effects produced, The nation's prob
lem Is to minimise effects while maximizing 
energy production and s t r ike an acceptable 
ba lance . 

Non-pollutant environmental problems 
related to energy needs also a rc to be recog
nized, such as the oil shale process expected 
to utilize much of th* Rocky Mountain snow 
pack, thereby affecting the quality of Colorado 
River water and. potentially, agr icul tura l 
production. Will construction of deep ports 
Tor super tankers destroy an ecosys tem? I 
propose that mar ine and es tuar ine scient is ts 
par t ic ipate in the design of such po r t s , spec
ifying site allowances and l imi ta t ions . 

Waste disposal management p rob lems , 
be they on land or In the oceans , require 
new ideas . Waste disposal could become 
this nation's larges t problem. 

Let me cite another problem of equal im
portance to the nation as the energy c r i s i s : 
the effect of pollutants upon the health and 
welfare of our people, including the environ
ment . 

A question often asked of EPA i s , "To 
what extent will pollutant X affect the balance 
of an e c o s y s t e m ? " And a simple answer is 
expected. We r e s e a r c h e r s understand that 
this seemingly simple question must be ex
panded into many, somet imes more difficult 
to postulate , frequently more difficult to 
answer . And when we I j l ieve we have ob
tained the meaningful answer to the many 
facets of ecosystem dynamics or of the human 
life sys t em, some interactions and questions 
not previously considered a re bound to a r i s e . 
Eventually, if we p e r s e v e r e , we should get 
to know the p l aye r s , the forces , and the r e 
sulting dynamics . 

Pe rmi t me to restate the qeustton: To 
what extent will pollutant X affect the balance 

of an ecosys tem? Let 's a ssume r e s e a r c h e r s 
determine the ecosys tem's many processes 
pnd effects with and without pollutant X, Then 
I pose the following questions: If an ent i re 
species is decimated or el iminated, how im
portant Is the effect to the total ecosys tem? 
What will happen to biota, both above and be
low the affected spec ies , in the food web be
cause of its obl i terat ion? Viewing the eco
system matr ix from another di rect ion, how 
Important is the resulting effect, if, say, 
25% of evi'.'y specie In the ecosys tem wore 
affected? Is the effect se l f - reparable in both 
situation* and at what pollutant level? Bio
logical indices s r e needed to quantitatively 
slate the net effect. Answers to these r e 
search question* will enable us to know to 
what level a pollutant In the environment can 
bit tolerated or should be abated or controlled, 
Does total environment protection imply the 
c.pro discharge level V Many substances con
s idered pollutants <>re produced naturally In 
the environment. F u r t h e r m o r e , It is im
pract ical or impossible with our present 
technology to achieve /.ero discharge of most 
pollutants. 

The relationship between pollutant ex
posure and effects to humans Is especial ly 
difficult to answer . We a rc exposed s imul
taneously to a multitude of pollutants (via a i r , 
food, water , soi l) . We know, when high 
pollution episodes occur In various places In 
the world, or in various occupations when the 
exposures a re normally or accidentally high, 
that IPnesscs and deaths Inc rease . Some
t i m e s , this is haw we first learn that a pollu
tant Is toxic. With resea rch at Intermediate 
exposures wo t ry to extrapolate down to low 
levels to determine a threshold, That ir- dif
ficult. The bio-index In the c -se of the 25% 
dec rease could be 0.75, assurt .ng unity r ep re 
sent* a normal ecosvstern, Hi In the case 
where a single species is el iminated, what Is 
the number? What should be the method or 
formula for determining the bio-index for an 
ct osystem ? 

Pa r t of the problem i s : How do wc de
fine "adverse effects' 1; and cor re la t e what 
effects to what levels of exposure? And ad
verse effects to whom? 

^t extremely low or virtually non-existent 
pollutant levels , there is usually no effect--
but not necessar i ly where some toxic sub
stances are concerned. The body organs and 
t i s sues may accumulate the pollutant, yet 
the re may be no known clinical o r visible 
s igns , damage or discomfort . At higher 
levels , a person may feel uncomfortable. We 
all experience this in the form of eye i r r i t a 
tions or unpleasant odors . These may or 
may not cause harm beyond the discomfort 



experienced. Al Btill higher leve l s , illness 
occura, At much higher leve ls , there is 
mortality. 

How do we relate the health impact to the 
costs of preventing that pollutant from 
reaching man or the ecosystem in harmful 
quantities? Again, 1 return to the dose-ro-
oponsc curve and ask, "What level is to be 
defined 'harmful'" ? 

All life sy i toms , being complex, respond 
to pollutants and diseases in varying degrees 
and manners, Certain groups of pnoplo, such 
as the newborn, the unborn, the agtd, the 
asthmatic, the rheumatic, the cardiac patient 
and those with other l l lnasses , seem to suffur 
more at lower levels of pollution and with 
certain types of pollutants than do normal 
healthy persons. The variation Is dependent, 
of course, upon how we define "normal, 
healthy persons." 

tt Is not sufficient to know only effects 
to protect man or environment, one must be 
able to control the pollutant. 1 shall present 
a real problem to Illustrate a need for inter
disciplinary cooperation. We believe that 
sulfur oxides are harmful to people, Thia 
nation has an ambient air quality standard for 
sulfur oxides established by EPA, specifically 
SOj . We have bigun to learn that the agent 
harmful to humans Is not necessarily or solely 
SOj, but most likely SO,,, whether it is in the 
form of acid mist or suspended sulfates or 
particulates or soluble sulfates. It realty 
doesn't matter in what form the sulfur oxide 
i s . it Is harmful and it should be controlled, 

To make a point, let us assume that SO4, 
and not S02* causes harmful effects and that 
SO* must be controlled. But SO* is only a 
very small fraction of SO emitted by power 
plants, for example. Therefore, it is im
portant that atmospheric scientists trace the 
SO4 in a reverse manner through transforma
tions along its pathways back to Its source, 
because the source Is where we may be able 
to control it. In the water medium perhaps, 
we may be able to intercept it at some place 
along its pathway. But in the atmosphere we 
must control It at the source. An untenable 
alternative is to intercept !? at each human 
being. Therefore, to handle the problem, we 
must understand the chemistry and physics of 
the transformations and transport of sulfur 
oxides in all forms through the atmosphere. 

Another problem contributing to uncer
tainties in our knowledge of pollution is in the 
measurement of pollutant levels in the environ
ment and the exposures of people and other 
living thinga to them. 

An early warning system for pollutants 
would provide a valuable service . Ambient 
conditions monitored continuously and with 
sufficient resolution ani sensitivity can pro
vide early warning on t ie development of e le
vated pollutant levels '.jeforc a critical level 
is attained. Such a monitoring networn Is ex
pensive even for one pollutant in one city. 
It would be prohibitive for many pollutants 
and many cities or regions. 

What this country needs are good Inex
pensive instruments and automated networks. 

Where * presently utlllxed Instrument 
has the required performance la It wise to 
spend research dollars for the development 
of a better Instrument that will c o n no less 
to purchase, operate and maintain? Even 
converting a delicate laboratory instrument 
to a ruggedlzed field version may not always 
be worth the effort If the field Instrument still 
will cost many tens of thousand* of dollars 
and require a Ph.D. to operate it. Local, 
atate and federal governments cannot afford 
such costs . 

It may be wiser to attempt to fill instru
mentation needs by developing simpler, less 
accurate, but adequately accurate, instru
ments or measurement methods costing about 
$100 In mass production quantities. If semi-
conduction chip calculators can sell for $10 
or $40 each, inexpensive automated measure
ment systems should not be unattainable. 

1 have discussed energy, and the environ-
ment--now I would like to pose, not discuss 
but ,jose, a third important problem that this 
nation faces today! Inflation. What can 
scientists , that i s , scientists who are not 
economists , do, especially those of you 
working under R.ANN? In these times of in
flation, economists, so I read, say there ar ; 
two key ways to curb and abate Inflation. One 
is to decrease the flow of money--cut down en 
spending. Research has been seriously feel ng 
this for several years already. I do not rec
ommend It as a cure. A second way is to be 
more productive. We can do our part by 
using our limited resources (dollars and per
sonnel) more effectively and with greater 
emphasis toward the objective of solving high 
priority research problems. 

In closing, I would like to commend you 
on the assemblage of this conference. It 
brings together a multitude of scientists from 
many universities and research laboratories 
and in many disciplines. I hope that the 
physical and biological scientists will listen 
to one another and read one another's re
ports, and that those who are experts in air 
pollution, water pollution and soil pollution 
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will do l ikewiie. Acquire a feeling for the 
problems which are of concern to your 
colleagues in their disciplines, for perhaps 
their problem is one that your experiences 
may cause to be more readily anawered. To-
getherness--ln':egratlon--of researchers with 
different disciplines to solve a national prob
lem really works. C£T INVOLVED! 

I thank you for the opportunity to spenk 
to you today. I wish you success , 
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AIR POLLUTION CONTROL: MONITORING, MECHANISMS, ANO MODELS* 

Jamas N. P l t t i , Jr. 
Department of Chemistry and Statewide Air Pollution Resoerch Canter 

!Jnlv*fs+t/of California, Riverside, CeWfor*4«-M$«*-*-

Abstract 

The complex trade-offs between envlron-
m«>ntal quality and tha praiant crltai In food 
and anargy production greatly eomplleete tl". 
formuletlon and administration of sound, cost-
affective progrems for tha control of traca 
contaminant!. A generally attractive approach 
to assessing auch Interaction! between energy, 
economics, and tha environment Involve! genera* 
tlon and validation of various typei of comput
er model a. tn a broad tenia, theae relate 
emissions, transport, and chemical, physical, 
and biological transformations to ambient con
centration!. When dealing with etthar elr or 
water pollution, I t Is essential to recognize 
thet edequate refinement end ultimata valida
tion of most models require the development of 
far broader, more accurate, end, Indeed, e 
more detailed data basa than Is currently 
available. This general problem Is well Illus
trated by considering some contemporary aspects 
of etr pollution control and the technical data 
base and overall knowledge upon which present 
control programs are founded. 

Badly needed Information Includes ( I ) 
complete and detailed emission Inventories, 
(2) an adequate, prectleel definition nf hydro-
carbon reactivity, (]) sure eceurata and con
sistent monitoring, Including calibration 
techniques for toxic etr pollutants for which 
Federal air quality standards have been promul
gated, (<t) (dent I fleet Ion end accurate measure
ment of e large number of organic and Inorganic 
atmospheric contaminants whose presence tn 
polluted amble.it air may be only suspected, or 
whose levels may have bean only "guesstlmatad," 
end (5) the development of a comprehensive 
body of chemical and physical knowledge about 
atmospheric transformations, Including measure
ment In the laboratory and In precisely charac
terized smog chambers of the rates of formation, 
products, and stoichiometrics of all reactions 
which significantly affect the formation of 
photochemical amog. As this data base Is 
developed. Increasing refinement and more pre
cise validation of models will permit their 

use with confidence to develop sound control 
strategies for air pollution control which 
neither overcontrol pollutant emissions at 
great economic expense nor pose a serious 
threat to human health due to undercontrol. 

Todey, decisions Involving the complex 
Interactions between energy, economics, and 
tha environment ere being made that will cost 
billions of dollars and directly affect the 
quality of our Uvea, Unfortunately, many 
legislative end administrative actions cur
rently must be based on a meager--end some
times even unreliable—scientific, technical, 
medical, and socioeconomic dete base. As a 
result, choices must often be made between 
differing opinions rather than by selection 
of the most cost-effective and technically 
sound options. Rapid and efficient develop
ment of Information about an exceptionally 
wide rarga of questions Is required I f sound, 
cost-effective strategies for the control of 
environmental contaminants are to be devised 
and Implemented, 

The many papers presented et this confer
ence amply Illustrate how research can be 
•psMsd t.s j,-.i nation*! need—the development 
of data needed to solve the problems posed by 
environmental pollution, tn this paper, some 
current problems In air pollution control will 
be used, first to Illustrate the complexity of 
thle particular environmental problem and, 
second, to indicate soma of tha types of date 
needed to penult sound formulation and Imple
mentation of air pollution control programs. 

*o*-^ mi Mr MI I IUMI tow 

work supported by the Notional Science Founda
tion—Research Appttad to National Needs, 
(rant No. BI-4I0S1. 

The development and Implementation of atr 
pollution control programs and tha evaluation 
of the effects of proposed energy ool Ides on 
such programs constitute two particularly com
plicated environmental problems. Choosing the 
proper degree of control of pollutant emis
sions provides en appropriate ausmplo. excep
tionally stringent control of pollutant emis
sions Is usually costly, while undercontrol, 
although leas expansive, can produce health 
affects which are wholly unacceptable. 

http://amble.it
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Tha first point I t llluitratad by Figure 
I, which shows that estimated coils for the 
control of vehicular amission' Increase vary 
steeply once 80 to 90% of the emissions have 
bean controlled,' Clearly, reductions In tha 
last 10 to 20% of vehicular amissions will be 
expansive. Thus, unnecessary overcontrol 
should be avoided, and other more cost-effec
tive measures should be Implemented (e.g., 
vapor recovery from fi l l ing gasoline tanks, 
etc.). 

ESTIMATED COST OF EMISSION CONTROL 
in ISOOr 

1 _ 

gtooo — 
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B 

L_l 
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Reduction in Enhoust Emissions, % 

FIG. 1. Plot of cost to the U. S. consumer 
vs. percent reduction In vehicular exhaust 
emissions. 

Conversely, the threat to human health 
that could result from undercontrol of air 
pollution It wall Illustrated by tha tragic 
London smog episode of 1952. At a result of 
exposure for only several days to elevated 
levels of sulfates, sulfuric acid aerosol, and 
carbonaceous particulates, over l»,000 axcett 
deaths were recorded over a brief prtod of 
time. With the discovery of photoehemlcel 
smog, formed by the Interaction of solar 
ultraviolet radiation on mixtures of hydro
carbons and oxides of nitrogen, around 1950, 
additional concern over this new threat to 
public health arose. Tha eminent toxtcologlst, 
Or. H. Stoklnger, steted In 1969* In a summary 
of environmental pollutants: 

Airborne pollutants ere potentially 
responsible for more of our Ills than 

are water- and food-borne contaminants 
together. ... Many of the conditions 
attributed to exposure to environmental 
pollutants arc either accelerations of 
the aging process or are essoclated with 
eglng. This Is pertleularly true of the 
elr pollutants; oione and photochemical 
oxidants merely add to and hasten the 
oxidative destruction of the lung and 
other tissue sites; respiratory Irritants 
hasten the onset of emphysema and bronchi
tis and would appear to promote cancel' of 
tha respiratory tract. 

Unfortunately, during the last 10 years, 
despite substantial local, slate, anu federal 
control programs, population growth and 
Increased use of energy and automobiles have 
resulted In little or no Improvement In photo
chemical smog In a number of heavily populated 
metropolitan regions. Furthermore, to edd to 
the general concern, recunt studies have con
firmed the toxic effects of ozone et levels 
often experienced In ambient elr In southern 
California. Finally, the United Stetes, among 
other developed nations, Is now experiencing 
en energy crisis which, understandably, 
enhances the often-expressed desire, and Indeed 
the need, to more fully utilize our supplies of 
high-sulfur fuels, such es coal ond oil shale. 
Soma recent findings "relevant" to such onvl-
ronment-energy-health trade-offs are cited 
below. 
Photochemlcel Smog 

Two recent reports, one a detailed study 
of the health effects of ozone end the other a 
newtpaper story, Illustrate the pressing need 
to control photochemical air pollution mora 
effectively. Thut, a thorough and detailed 
ttudy of the effects of ozone on adult males' 
showed that measurable effects of exposure to 
ozone occurred at levels beginning at 0,37 
partt per million (pom). Thlt It e level near
ly Identical to tha California second-stage 
episode level. The report noted that "Some 
subjects thus exposed not only developed 
measurable physiological and biochemical 
changes, but felt physically III end were un
able to perform their norvtal jobs during expo
sure end for teverel hour:, afterward." 

Thete findings ere particularly signifi
cant In view of the unusually severe levels of 
oxidant which have bean experienced throughout 
California's South Coast Air Basin during the 
mott recent smog season. For example, Figure 2 
-•taken from a story In the San Bernerdlno Sun 
Talearem.^ head!Ined "Smog Season Worst on 
Record"--shows that oxidant levels In Sen Ber
nerdlno ere not Improving. If anything, they 
appear to ba getting worse, although this could 
be partly the result of edverse meteorological 
conditions during recent years. 
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Energy and Air Pollution: Health Implications 

I t I t Important to recognize that relaxa-
tlon of SO2 emission standards In areas 
plagued by photochemical smog could have stg-
nlfleant chemical and medical effactt, For 
oxanple, over a decade ago, I t wat observed' 
that the photooKldatlo.i of tulfur dioxide wat 
•Igntflcantly enhanced and aerotol production, 
probably sulfite particulate, wat greatly 
Increased when SO2 wat Irradiated In the pre
tence of ppm concentrations of olefins and 
NOg—that Is, conditions typical of photochemi
cal smog. More recently, enhanced thermal 
oxidation of SO2 was found to occur In tha 
pretence of ozone and olefins." 

Thus, atmotpherlc levels of SO2 ere not 
only of concern to health per se, but alto 
becsuiif oxidation of SO2 ultimately leads to 
sulfate aerosol which Is toxic' and which 
produces substantial degradation of visibil i ty. 

Furthermore, last year, Bates and 
Hazuche8 reported that exposure of healthy 
edults to a mixture of 0,37 ppm of both ozone 
and SO* had a significantly greater effect on 
maximal expiratory flow rate than exposure to 
either pollutant alone. 

In short, combinations of sulfurout and 
photochemical tmog can cause enhanced conver
sion of SO2 to visibility-degrading and toxic 
particulate sulfate and may also promote syner

gistic health effects not observed for either 
type of smog alone. Clearly, proposals to 
ease the energy shortage In major urban areas 
suffering from photochemical smog, by permit
ting power plants and major Industrial faci l i 
ties to use htgh-sulfur fuel oil or hlqh-
sulfur coal, have serious Implications for 
public health, particularly on days with 
adverse meteorological conditions. 

Agriculture and Air Pollution 

One largely I'lpredlcted and most serious 
affect of the energy crisis has been 1 fert i 
lizer shortage which, In combination with 
unfavorable weather, has produced worldwide 
shortages of food, lacaute many crop yields 
are significantly decreased by exposure to e 
variety of pollutants, tha affects upon agri
culture from present levels of smog, as well 
as from tha Increased pollution which might 
result from the development and use of alterna
tive energy sources, should be recognized at d 
assessed. 

For example, white the dramatic affects 
of photochemical oxidant on plants and tract, 
tuch at tha Ponderota pine shown In Figure 3, 
are wall known, It Is not generally recognized 
that the Invisible effects of smog may be at 
costly as Its visible effects. Thus, photo
chemical oxidant not only discolors leeves, but 
It also Inhibits photosynthesis by destruction 
of chloroplattt , ' ' 1 0 which substantially 
reduces both plant growth and crop yields. 

no. J. Healthy Pondarosa pine tree In San 
•emardlno mountains In 1961 and smog-damaged 
appearance In 1970. 



rlgure k shows the yl«1d of grapet from two 
vlnat of squat t lze, ona exposed to ambient 
air and tha othar to ambient atr flltarad to 
remove photochemical oxidant. At a tlma of 
worldwlda thorteges of food, tho dacraata In 
ylald (about 50%)" l» aobartng, Indaad. 

Clearly, complex trade-offs are Involved 
between air pollution control costs and the 
benefits to be derived from Increased crop 
production due to Improved air quality. 

Emissions vs. Air Quality 

Crucial to the development of strategies 
for tha solution of air pollution problems, 
such as those cltad above, Is tha determina
tion of tha relationships between amissions 
and air quality. Such relationships can be 
relatively straightforward for soma pollu-
tents--foi example, carbon monoxide, a primary 
pollutant that for nodalIng purposes can be 
traatad as chemically "Inert" (which It 
really Is not) and which Is emitted In some 
locations almost exclusively by motor vehi
cles. Thus, Figure 6 shows that amblan CO 
levels In several U, f. cttlat are linearly . 
dependent on average auto CO amission rates. 

Fit. k. Camparieon of ylald from grape* grown 
In ambient polluted air and In filtered air . 

Net only deaf photochemical oxidant 
affect many agricultural crop ytaldt, but 
ethyiana—a major elaftnlc cemeenent ef auto 
exhaust, an Important Industrial chemical, and 
tha mat abundant.olefin In an* I ant alr--also 
supresaes growth. Figure $ thews the dra
matic affects" ef air containing up to 500 
eeb of ethylene en the growth rata of bean 
plants and en their yield* ef beans. 
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Fit. S. CamperItan ef growth end yield of red 
kidney beans upon empetwre te ethyler.a. 

However, tha relationship between ajbljat 
Jjyjll e* oione, a secondary pollutant, and 
tha ebtolute emission I avals of ttt precursors, 
hydrocarbont and oxIdel of nitrogen, It com
plex, nonlinear, and only qualitatively 
defined.1* The uncertainties are shown sche
matically by the curvet In Pleura 7, which 
depict a number ef ayaefbU relet lonthlpt 
between oxidant levelt In ambient air and the 
degree ef control of vehicular amiitIons of 
hydrocarbon! (HC). 

Because In 1971 no quantitative relation
ship Between oiane and Itt precursors wat 
available, tha m formulated Itt control 
ttretoalet for photochemical oxidant by assum
ing a linear relatlonthlp between ambient 
oxidant and reactive hydrocarbont.'5 While at 



II 

that time this seemed to be the most reason
able approach. Ft is now generally recognized 
by scientists and control officials that this 
too-simple dependence li a most Inadequate 
foundation upon which to base control strate
gies costing billions of dollars and having 
an economic Impact not ally on the U. S., but 
on all countries axportlng motor vehicles In
to this country. Currently, major steps are 
being taken by thu EPA to clarify the situa
tion. Indeed, several NSF-MNN research pro
grams, Including our own, era focused to a 
significant extent upon this problem, 

, / *'•*, UNCt»W««tT IN e«KO»OUND 
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'" -» ' loToiwm to < hour] 

fcJoaoJjTO so so 
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FIG. 7, Possible forms of the relationship 
between a i r qual i ty and emissions and percent
age of emission control . 

Air Pollution Models 

A common approach to the problem of 
re la t ing emissions to a i r qual i ty and thus to 
the development o ' a health-warning a le r t 
system capable of predicting pollutant levels 
well In advance of a serious smog attack Is 
the formulation of models of the formation of 
smog In an urban airshed. For the sake of 
convenience, one can categorize such models 
Into three general types--emplrtcel, »emlem
p i r i c a l , and ab I n i t i o , largely theoret ica l , 
models. 

An empirical or adapredlctIve model 
relates observed lavels of pollutants In a 
specific a i r basin to meteorological events 
and Is val id only for that basin. In I ts 
simplest form, such a model does not require 
a detai led emission Inventory, However, In 
some cases, such models ton tain factors which 
correct for variations of emission levels with 
day of the week and with the Intensity of 
solar radiation by month of the year, 

Ons of the earl lost examples of an ada-
prsdlctlva r. del is that employed by Professor 
J. f l r k e t , of the Un I v a n i t y of I. lege, who 
Investigated a smog disaster which occurred In 
the Reuse Valley In latglum In December 19)0, 
Sixty people died from sulfurous smog, trapped 
under a low inversion layer. In 1936, In the 
Transactions of the Faraday Society, he made 
the following observation:< e 

Public opinion was deeply moved, not 
only in Belgium, but also In neighboring 
countries. Wherever fogs of several days' 
duration are frequent, public authori t ies 
were anxious to know the cause of this 
catastrophe and several delegates ware 
sent to the spot. This apprehension was 
quite j u s t i f i e d , when we think that pro
port ional ly the public service of London, 
e . g . , might be faced with the responsi
b i l i t y of 3,200 sudden deaths I f such a 
phenomenon occurred there. 

As we noted above, In 1952, 4,000 excess 
deaths did occur In London during the most 
disastrous smog episode on record. This dis
aster f u l f i l l e d Professor F l rke t 's remarkably 
accurate prophecy and Instigated an a i r pol lu
t ion control program that has e f fect ive ly 
reduced sulfurous smog In the Clean Air Zones 
of London, 

Another example of an empirical approach 
to the modalIng of smog Is the EPA control 
strategy for oxidant, I n i t i a l l y employed by 
the EPA,'5 which Involves (as was noted ear
l i e r ) a l inear rollback of reactive hydro
carbons and Is based on the assumption that a 
direct proport ional i ty exists between observed 
ambient levels of oione end emissions of reac
t ive hydrocarbons. 

Most semi empirics I models substitute a 
true emission Inventory for amission factors 
based on the day of week and 3n the season. 
Many Include mathematical descriptions derived 
from theory of d i f fusive and convectlve mixing 
during transport. However, few semlemplrlcal 
models attempt to calculate atmospheric chemi
cal transformations solely from fundamental 
chemical knowledge, Insteed, most used a 
much-compressed *nd over-slfflpllflod reaction 
mechanism which Is velIdated against a i r 



quality deta for the basin being modeled. 
Thut, semlamplrleal modalj mix theoretical 
prediction with empirical corralatlont. 

Finally, ab Initio, largely thaoratlcal, 
modali attempt to datertba chemical and phytl-
cal phenomena In polluted atmospheres by 
appropriate combination of our knowledge of 
chemical and physical transformations In tha 
gas phase, tnouph not necessarily homogeneous, 
lyitami. W.au extremely complex modal I hava 
thraa major submodels; (1) a data 11 ad tempo-
ral and ipatlal amlnlon Inventory) (2) a 
thaoratlcal meteorology package which uses 
morning waathtr dat to predict stability and 
movement of air masses r.n-' diffusive and 
convaettva mining within thoia air mattes; 
and (3) a ehamtcal ruction machanlim, pott I -
bly ualng torn* I unpad paramatart, fcut still 
wholly faithful to a comptata tat of elemen-
tary raactloni raaltttlcally mimicking tha 
formation of photochamtcal amog, both In smog 
chambers and In ambient air. 

All of that* modal• hava two thtngi In 
common—thay can ba no mora accurate than tha 
data upon which thay ara batad, and thay mutt 
ba validated agatnat air quality data for tha 
bailn to which they ara applied. Let ut now 
briefly conalder tome of the probI emt poted 
by these two requirement!. 

Emtatlon Inventor I at 
It It well worth reamphatlzlng the point 

Implied above, that fundamental to the formu
lation of any. air pollution control strategy 
I• the development of a contlatent and accur
ate emtulon Inventory. A crucial Input to 
euch an Inventory It a valid reactivity clas
sification for hydrocarbon* and related 
orgenlci which are Important precurtora to the 
formation of photochemical oxidant. A consis
tent system Is clearly necessary, since no 
control plan or urban airshed model can pro
duce results more reliable then the Input 
deta. 

White this statement Is axiomatic, It it 
sobering to examine the data In Table I, which 
illustrate the vestly different emission 
Inventory values obtained for the Lot Angeles 
latin when one uses different reactivity 
classifications! Clearly, the generation of 
e more useful, consistent, end reliable defi
nition of hydrocarbon reactivity and e 
detailed reassessment of the relative reec-
tlvltlet of common hydrocarbons end other 
organlcs, such as commercial solvents, Is en 
essential task and Indeed one currently under 
way In our MMC-NSF-NMM program. 

TABLE I. Comparison of reactive hydrocarbon 
Inventory levels In the Lot Angelas Satin 

for fixed tourcet under alternative 
reactivity attumptlont'' 

Reactive hydrocarbons 
(tont/day) 

Control Contlttant 
EM 

A M / 
LAAPCD 

ftand 
Corp. 

1970 

1975 Nominal 

1975 Maximal 

876.0 

1*27.2 

290.6 

228.3 

102.2 

57.7 

6J6.J 

239.9 

129.9 

The need for accurate |Mi|uffmntl of 
emltiloni, rather than eitlmetet or "guesttl-
mates," batad on "common technical knowledge" 
It exemplified by the following cate In which 
a seemingly "obvlout" control strategy, while 
proposed with the best of Intentions, turned 
out to be wholly erroneous In concept. Thut, 
for yeart It has been an accepted "fact" that 
"targe cart potluti more than small cars," 
Indeed, several years ago, In order to discour
age the uele of "highly polluting" large cart, 
a bill wat proposed for action by the Steta of 
California Legltleture that would have Inttt-
tuted a new automobile tax which would have 
Increeted with engine size end displacement, 
Subsequently, when the EPA actually measured 
the exheutt emissions from all U. S. and 
foreign cart--In the absolute, although rather 
peculiar, unltt of gremt-per-mlle drlven--lt 
wet discovered thet, on the average..smell 
cars pollute es much as large cart,''8,19,20 
Tha range of variability of hydrocarbon amis-
ttont with engine displacement of 1973 model 
U. S, end foreign cart Is shown In Figure 8, 
21,22 This plot, end slmller ones for CO and 
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FIC. 6. 'lot of hydrocarbon emissions (gm/ml) 
vs. engine displacement (cu. In.). 
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oxides of nitrogan (N0 X ) , ctaarly demonstrates 
that thara ts no direct correlat ion between 
exhaust amissions and angina size for current
ly avai lable a u t o m o b i l e s . ' 8 * 2 ' ' 2 2 Certainly, 
cars with snail engines do save fuel and gen-
erat ly the i r amissions ere technical ly easier 
to control than are emissions from cars with 
large anginas. However, I t Is sobering to 
rea l i ze that a proposed tax taw, which almost 
passed, was technically most unsound. 

Ambient Air Monitoring 

Equally crucial to the development of 
any re l iab le control strategy or health-
wamlng a l e r t systems Is the acquisition of 
ambient a i r qual i ty data by consistent and 
re l iab le monitoring procedures. Thus, the 
recnnt jo in t statement by the Cal i fornia Air 
Resources loard (AM) and the Los Angeles Air 
Pollution Control D is t r ic t (LAAPCD) that d i f 
ferent methods of cal ibrat ion of oxidant moni
toring Instruments cause oxidant measurementi 
made by the LAAPCO to be "one-quarter to one-
th i rd" lower than A M measurements made at 
the same time and place came as a surprise to 
scient ists and the lay public a l i k e . 2 ' Since 
the cal ibrat ion method of the A M has been 
s t a t e d 2 1 * ) 2 : to ba essentialty equivalent to 
the method used by the U. 5. Environmental 
Protection Agency (EPA), this discrepancy has 
national and even International ramifications. 

I f the AM and EPA methods of cal ibrat ing 
ozone monitors are seriously In error , then 
these methods en* a l l data referenced to them 
w i l l have to be changed. This Is t rue, not 
only throughout the United States, but el so 
throughout most of the rest of the world, 
which has largely adopted the EPA methods for 
monitoring a i r pol lutants. 

This measurement problem also provides an 
example of the technical , medical, and socio
economic problems generated by the use In d i f 
ferent portions of the same a i r basin of o x i 
dant monitoring techniques cal ibrated by non-
equivalent methods. Figure J shows the ox i 
dant dotage In ppm-hr above the Federal ox i 
dant a i r qual i ty standard of 0.08 pern at six 
South Coast Air l a t i n monitoring stations for 
the year 1973. Clear ly , the data a t reported 
do Indeed suggest an Inland buildup of o x i 
dant. However, whan a l l the a i r monitoring 
data are placed on the tame tca le , e i ther the 
A M tca le or the LAAPCD t c a l e , the corrected 
data thaw tha t , In 1 ) 7 ) , c i t i e s such at 
Pasadena, Azusa, and Pomona actual ly had 
s igni f icant ly hleher oxidant dotaget than did 
Riverside and fan ternardlno. This reversal 
of the re la t ive oxidant dotagat In the western 
and eastern portions of the batln upsets cur
rent vlawt of the oxidant problem In the batln 
and tuggettt that a l l batlnwlda control pro

grams and models for a i r pollut ion control 
need to be reassessed. 

FtG. 9 . Oxidant dosage In ppm-hr above the 
Federal oxidant a i r cual l ty standard of 0,0*. 
ppm at six South Coast Air ( a t I n monitoring 
stations; (a) as reported, (b) LAAPCD tce le , 
and (c) AM scale. 

Not only do serious problems exist In 
monitoring accurately, and In a consistent 
manner, tuch major pollutants at ozone and 
nitrogen dioxide, but ambient a i r measure
ment i of minor (but potent ia l ly Important) 
pollutants—such as hydrogen peroxide, acro
l e i n , formic ac id , and n i t r i c and nitrous 
acids--are a l to urgently required. Thut, 
for example, a recant long-path Infrared 
ttudy of ambient a i r , performed by the EPA In 
Pasadena on a vary smoggy day (July 25. 197) ) , 
reported that formic acid wi t the major 
hydrocarbon oxygenate observed and that , 
contrary to expectations, no formaldehyde wat 
obterved! 2 * 

Ctaarly, much more Information I t needed 
about the ambient concentrations of Important 
trace smog spades. Under our NSF-HANM 
research program, a detai led analysis of 
ambient Riverside a i r I t being carried out, 
using both a Fourier Infrared Interferometer 
Interfaced to a long-path optical system and 
a combined eat chromatograpn-matt spectrome
te r . The power of the Fourier Infrared 
tnterferometry I t shown In Figure 10, which 
presents the spectra that lad to the Ident i 
f icat ion of ketone as a product of the reac
tion of ozone with propylene and cle-2-eiitan«. 
but not with othylene. Tor the reaction of 
ozone with ethylene, the well-resolved 21't) 
cm*' band of CO was obterved (Figure lOe), 
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wh i le f o r p r . y l e n e (Figure 10b) ana c t j - 2 -
butene (F igure lOc .d ) , the ketone band 
centered at 2150 cm" 1 was observed super-
Imposed on the CO fundamental ̂ r 

r^WrWr~ 

™^yq^ 

FIG, 10. Product spectra from reaction of O3 
with (a) ethylene, I atm air, (b) propylene, 
I atm air, (c) cJj-2-butene, 1 atm air, and 
(d) cls-2-butene, 2 torr O2. 

Models of the Kinetics and Hechanlsm of 
Photochemical Smoa 

Semlemplrleal and ab Initio urban airshed 
models for photochemical smog frequently 
Include, .along with an emission Inventory and 
a meteorology package, a model describing the 
chemical transformations occurring during 
transport. Models of chemical transformation 
may be of the lumped parameter type 2 8 or may 
be wholly specific, containing as many as 200 
klementary reactions. 2' Although both types 
of reaction mechanisms are derived principally 
from experimental data, the specific mechanism 
does not contain any simplified reaction 
sequences, while the limped parameter model 
does. 

Successful formulation of a computer 
model of photochemical smog requires a broad 
data base ''rawn from three raleted areas. 
First, laboratory studies must develop the 
rate and product data necessary to define 
those reaction sequences which should be 
Included In the model. Thus, for example, 
much valuable Information has been derived 
from smog chamber studies In the ppm-ppb 
concentration range, Including retes of photo-
ox Ida t I on of hydrocarbons, Identification of 
minor but mechanistically significant reaction 
products, and, In conjunction with laboratory 

studies In the torr pressure range, evidence 
for the Importance of a number- of key reac
tive Intermediates, such as 0 atoms, ozone, 
OH and HOo radicals. Unfortunately, various 
chambers yield ri;?« which lire quantitatively 
different.2' More research Is necessary to 
reconcile extsttnu Information and to produce 
new data which (.111 be phovC-i.nemlc.ally and 
ktnetlcally reliable. 

Second, while kinetic-computer model Inn 
continues 1.0 provide insight Into the extreme
ly complex chemical transformations occurring 
In photochemical air pollution, crucial Input 
required for further refinement of such 
computer models are accurate values for abso
lute rata constants, tht, chemical nature of 
alt products and Intermediates for every step, 
and accurate concentration time profiles. 
Problems arise 1n model validation efforts, 
because, to date, most models heve been 
applied only to relatively simple systems In 
smog chambers and because most existing cham
ber data *rt subject to substantial experi
mental uncertainties. 

Third, kinetic computer model predictions 
and '.lumber results must bo carefully compared 
to ambient etr data In order to verify that 
significant species predicted by the model or 
dotected In chamber experiments are also 
fonitad In polluted urban atmospheres, 
Conclusion 

What Is required now Is the generation 
of e great deal of additional reliable moni
toring, mechanistic, and ktnettc-computer 
Information and Its Integration Into on« 
package--an experimentally validated model cf 
chemical and physical transformations In 
photochemical air pollution. Concurrently, 
In light of the energy crisis, modifications 
to this model must also be developed which 
will take Into account the chemical and 
physical Implications of Introducing S0 X 

chemistry. Including both Intermediates end 
stable products. Into the highly oxidizing 
atmosphere of photochemical smog. 

This model, along with emission inven-
torles--meteorologtcal, topographical, and 
damographlcal Input—constitutes e major 
element of a total urban airshed model 
directly applicable to the control of photo
chemical air pollution, both strategically 
and In a "real time," day-1<--day sense. 
Information used In the development of this 
airshed model Is coming from a number of 
scientists Involved In a wide variety of 
research programs, many of which are being 
sponsored by NSF-ftANN and which will be 
discussed et this conference. 

http://phovC-i.nemlc.ally
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CURRENT RESEARCH IN HEAVY METALS IN SOIL. 
SEDIMENT AND WATER: JANUARY 1973-OCTOBER 1974 

John V. Lagerwerff' 1' 

Thli review covert * selection of pub
lished and unpublished administrative re
ports on Cd ( Cu, Hg, Mn, Pb and Zn In re
lation to analytical techniques, sources of 
contamination, (low through the ecosystem, 
accumulation In soi ls and sediments, uptake 
by plants, abatement and other literature re
views. The first, or general, section of this 
paper is devoted to discussions whirh pertain 
to groups o( heavy mttals ,and which cannot 
be identified with any ana Individual heavy 
metal. Where poss iHe, the ' i«lc structure 
of this general t e f l o n hat been i ,alntalned 
throughout the other sect ions . For Cd, Hg 
and Pb, this paper is an updating of earl ier 
information (Lagerwerff, 197?). 

GENERAL 

Analysis 

Even where heavy metals occur In ex
cess ive amount*, their concentration!) usually 
are sufficiently low to require that efforts be 
continued at Improving analytical techniques. 
For Isolation and concentration prior to 
analysis , a S% solution of tho quaternary 
amine A liquet 336-S in xylene was rec
ommended. Thus It was possible to extract 
quantitatively from water samples , after 
their enrichment with an overdose of KI for 
Intermediate complex formation, Hg at pH 
from I to 12.5, Cd at pH> 7, and Zn at 
pH < S. The Allquat complexes formed were 
more stable than corresponding Iodides in the 
order Hg > Cd > Zn. The AUquat complex thus 
was broken down easiest for Zn, bringing It 
hack in the inorganic phase, and aeparatlng It 
thereby from Cd. Several Na talta, as well at 
EDTA, qualified for this operation (McDonald 
and Rhodes, 1974). 

For subsequent analysts, atomic absorp
tion spectrophotometry, with or without a 
carbon furnace, presently Is the most used 
method at applied to a variety of substances 
(Van Loon and Lichwa, 1973). These authors 
s tress the Interference of many metals with 
Ni. Spark source tpectrometry hat been 

"'Invited lecture, Second Annual NSF-RANN 
Trace Contaminanti Conference, Aallomar, 
Calif. , August 29-31, 1974. Contribution 
from the Agricultural Environmental Quality 
Institute, Agricultural Research Service, 
U. S. Dept. of Agriculture. Beltsvl l le , Md. 

revived as an accurate method for coal analysis 
(Ouldobont, 1973), Coal has also beenanalyced 
by X-ray fluorescence, In particular because 
of the limited necessity of sample preparation. 
A monochromatic beam exciting the elements, 
gave a low background. In combination with a 
SI-LI solid state detector, and a single crystal 
analyser isolating the fluorescent radiation of 
Interest, void of all scatter, applicability of 
this method has been considerably Improved 
(Sparks and Ogle, I974| Sparks ot a l , , 1974), 

Finally, anodic stripping voltammetry 
and pulse potarography, both modernised 
versions of "classic" polarography, are 
rapidly gaining in popularity as accurate and 
sensitive methods for the determination of a 
wide array of heavy metals in many different 
kinds of material, e . g . , Lewln and Rowell 
(1973), and Miguel and Yankowskl (1974), 

Sources 

The Idea was confirmed that food and 
water, rather than air , are the major direct 
sources of heavy metals found In man, In 
percent of the total amount of metals entering 
the digestive system, food and water would 
contribute at least 58% of the Hg, 68% of the 
Pb, 95.6% of the Cd, 98.3% of the Cu, 99.6% 
of the Ni, and 99.7% of the Co (Woolrlch, 
1973). This information does not consider 
the fractioni absorbed Into the bloodstream 
through the intestinal wall. 

Through burning of coal for power gen
eration, depending on precipitator efficiency, 
heavy metals are released for the most part 
as aerosols and as fly ash. A minor fraction 
escapes In effluents (Toca et a l . , 1973). 
Studies on the Allen Steam Plant, Mo. , in
dicated that except for Cd and Hg, moat e le
ments were elected in the fly ash (Bolton e t a l . , 
1974), Also, smelter ore dust spilling from 
transport vehicles may cause contamination, 
but of a more local nature (Dorn et a l . , 1974). 

EffUents from sewage treatment plants 
have caused increasing environmental con
cern (Mytelka et al. , 1973). The sludge re
sulting from the treatment is another heavy 
metal source. Comparing the contents of 
heavy metals in raw, incoming sewage (in 
m g / i ) with that in digested tewage tludge 
(in mg/kg dry veight), the average values are 
0.007 and 31.3 for Cd, 0.43 and 1.380 for Cu, 
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and 0.63 and 2,260 for Pb (Lewln and Rowell, 
1973). The Impact of metal content of sewage 
on aludge activating microorganisms haa been 
•tudled (Poon and Bhayanl, 1973). The effect 
of 2.5 mg Hg per liter had but little effect, 
but 5 mg Hg per liter Inhibited aerobic pro-
cessa i (Ghoih and Zugger, 1973). In this 
light, the metal content of ••wage iludgo 
could prevent effective microbial breakdown 
of the aludge. A similar lituatlon arises 
where heavy metal* In leaf l itttr Inhibit com
plete decomposition of that litter (Ruhling 
and Tylar, 1973). 

Mining and smelting at time* have cauaed 
contamination of the environment, Thus, In 
Taimanla contamination of a river with Cd, 
Cu, Mn, Pb, Sn and Zn from mlnea cauaed 
death of fiah and Injury to paaturc graaaaa 
irrigated with the water (Tyler and Buckney, 
1973). The concentration* of Cd, Cu, Pb and 
Zn In aoila and plant* decreaaed with In
creasing dlatance from a amsltsr near Galena, 
Ka. , indicating it to be a lource of contamina
tion. From the analycl* of the soil profile a 
negative rutationehlp waa astsbllshed between 
metal concentration and depth, pointing to the 
aerial nature of the contamination. Average 
ratloa between the metal concentration! In the 
0 - 2 0 cm layers of contaminated and uncon-
tamlnated aoll were 7.0 for Cd, 2.9 for Cu, 
2.0 for Mn, 2.3 for Pb and 4.8 for Zn. Coupled 
with acid aoll condition*, theee valuea Indicate 
a deterioration of the (oil in a region already 
high In native metal concentratlona 
(Lagerwerff et a l . , 1973). 

Elsewhere (Kronfleld and Navrot, 1974), 
metal effluent! from lnduatrlal and sewage 
treatment facilities containing Cd, Co, Cu, 
Cr, Ni, Pb and Zn were responsible for the 
contamination of an entire river ayatem, 
which was checked only by a high pH resulting 
from the same contamination. Surpriaingly, 
dredging the bottom and liming the water were 
the mean* auggeeted for abatement. Dredging 
la usually conaldered a haaard because of re-
suspension of contaminanta, and liming a river 
does not seem to be economically feasible in 
the long run. 

Flow 

Heavy metals in the environment are 
carried through a cycle that may take them 
from the rocks and minerals from which they 
are released through a wide variety of path
ways to the jenaltlve areas of life, and from 
there eventually to the oceans and in deposits 
from which rocks and minerals may be re
formed at some time in the geologic future. 
The release mechanisms partly are natural, 
and partly triggered by man. The resulting 

Impact may be additive. The natural re
lease mechanisms, responsible for environ
mental background concentrations, have re
cently been a topic of interdisciplinary dis
cussion (Natl. Res . Council 1973a). The 
heavy metals released by either mechanism 
arrive in rivers and atrname most often ad
sorbed to specific, suspended particles 
(Lelandet a l . , 1973). 

Th« distribution downstream from any 
source depends on many factor* (William* 
et a l , , 1973). The mean concentration* of 
metals adsorbed on suspended particulate 
matter, and of those dissolved In ambient 
water in upstate New York ."ere, Inppm, 
15.6 end 0 .54X10"' for Cd, 21.6 and 
0.60X ( 0 - 3 for Cu, 7.9 and 0.12X 10-3 f o r pb, 
and 79.9 and 2.7X 10-J for Zn (Kubota et a1 . , 
1974), The adsorbing particle! may be of 
various kind, such as clay, organic matter 
or Fe oxides (Leland et a l . , 1973). Several 
studies have been reported on the distribution 
3f heavy metals in lacustrine (Foratner et a l . , 
(974; Mtxfleld et al. , 1974a and 1974b), 
and in - s lore marine (.Tones, 1973) deposits. 

Hydrous oxides of Fe and Mn are active 
scavenger*, for a number of heavy metals In 
so i l ' and waters. Adsorption haa been ob
served to take place in the order Pb > Zn> Cd, 
reversible with respect to H + and other ca
tions. Especially Pb, but also Cd, were sub
ject to specific adsorption on those hydrox
ides (Oadde and Laitlnen, 1974), 

Soils and Plants 

Regarding ore smelting, research In 
Australia indicated aoll accumulation of Cd, 
Cu, Pb and Zn within 1 km of an urban 
smelter complex by factors of at least 3, 65, 
21 and 30, reapectively, relative to rural 
areas (Besvington, 1973). Whether from 
fallout or sewage aludge application, heavy 
metals upon reaching the soil are slowly in
corporated due to biological, chemical or 
physical sction. They may eventually enter 
into several associations. Most frequently 
reported sre resctions with P and with organic 
matter. 

Applying phoaphate fertilizer to acid red 
sandy loam caused the availability of Cu to 
decreaae by up to 61%, of Mn by up to 26%, 
and of Zn by up to 38% (Badanur and Venkata, 
1973), Hydrolyaia of polyphosphatea which, 
in unhydrolized form, often chelate heavy 
metele into aoluble compounda, cause** heavy 
metal uptake by young corn plants to decrease 
(Hashimoto and Wakefield, 1974). With tree 
seedlings growing in acid soils lim.-d to pH 
4.3, P interfered in root-to-shoot w*,nsloca-
tlon of Cu, Fe and Al. but not of Mn and Zn 
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(Smilde, 1973). Thia would indicate that the 
precipitating effect of P internal to the plants 
prevailed over that external to the roots. 

Heavy metal chemistry in organic aolla is 
characterized by etrong bonda, raleing more 
often the question of sufficiency than of toxicity 
in plant production (Tyler et al. > 1973). 
Applying municipal compost in quantifies of 
143 tons per ha to sorghum, 80 ton* per ha 
to Bermuda g r a s s , and 112 tonft per ha to 
corn, evoktd positive response* surpassed 
only by applying 180 kg N per ha, supple
mented with P and K (May* et s i . , 1973). 
The negative effect* of trace element* on 
cabbage, lettuce and bean* grown on sells 
amended with sewage sludge in on* report 
were emphasised with regard only to B, and 
not Zn or Cu (Purve* and Mackenzie, 1973). 

The impact ul l.oavy metals on the en
vironment may be of longer duration where 
closed plant communities provent runoff and 
wind erosion (Robert* and Goodman, 1974), 
Thus, downwind from a smelter in the 
Missouri New Lead Belt, plantings of lettuce, 
radish and green beans accumulated no less 
than 1,324, 518 and 136 ng Pb, and 34,5, 13.7 
and 8.5 ug c d . respectively, per g dry weight 
of the edible plant parts (Hemphill ct a l . , 
1973). 

Abatement 

With regard to smelters and coal burning 
plants, acrubber-preclpltator technology has 
advanced to the point that nearly all airborne 
elementa, except Hg and Se, can be collected 
before stack emission (Kaaklnen and Jordan, 
1974), The problem thus would become one 
of proper disposal of scrubber and aah pond 
water (Bolton et a l . , 1973). Alternatively, 
attention ha* been directed towarda ur.'or re
moval of heavy metala from coal by a bene-
flclation proceas baaed on oil agglomeration 
involving alurrle* of finely ground coal 
(Capes et al. , 1974), The economics of thia 
process were not divulged, 

Various techniques have been attempted 
to rid public watera from excess ive amounts 
of heavy metals: adsorption, exchange, 
chemical precipitation, electro-precipitation, 
and extraction (Cadman and Dellinger, 1974). 
Thua, the cation rosin Cholex-100(2) removes 

' 'Blo-Rad L a b o r a t o r y , Richmond, Calif. 
The mention of firm names and/or trade 
producta does not imply endorsement or 
recommendation by the Dept. of Agriculture 
over other firms or similar products not 
mentioned. 

heavy metals from waters in the pH range of 
from 5 to 6 in the following order: 
Cu>Pb>Cr>Ni>Zn>Co->Cd, the position of Cd to 
be especially noted. Becauae of their cost, 
resins have little practical significance for 
the decontamination of large bodies of water, 
Chemical precipitation with either lime or 
alum, or reverse o s m o s i s , have been sug
gested for removing inorganic heavy metal 
salts (Lanouett, 1973). For removing organic 
heavy metal complexes, available means are 
adsorption on artlvated carbon* or synthetic 
rosin*. Alternative method* are based on 
electrolysis , chemical oxidation ( l l jOj , 
NaCl04) , and oconl&ation. 

Reviews 

In an expert review covering 131 refer
ence* (Kothny, 1973a), information I* pre
sented on Pb, Va, Hg, Se and B, the latter 
element specifically In relation to soil and 
water, the other elements more in associa
tion with air. Covering 234 references, the 
epidemiology of Cd, Cu, Hg, Pb and Zn has 
been reviewed by Bremner (1974), emphasizing 
physiological aspects. Leland et al, (1974) 
published a review, covering 259 referencea, 
In which are discussed trace element sources , 
trace element* In natural water* and sediment*, 
biochemical transformation, and toxic effects 
in aquatic flora and fauna aa related to human 
health, Heavy metal* in relation to agriculture 
were discussed In a review, covering 68 ref
erences , by Hulilrgh (1974). Heavy metals In 
relation to aqueous systems verc considered 
in part of a newly published book by Rubin 
(1974). 

Organic matter interaction* with heavy 
metals In natural watera have been reviewed 
by Singer (1974). Water pollution control 
treatments were discussed in a recent issue 
of the Journal of Environmental Science and 
Technology (October 1974) by a slate of dis
tinguished workers. Problems aasociated 
with heavy metala in sewage aludge have been 
reviewed from the viewpoint of land application 
(Chancy, 1973a), and from that of food chain 
protection (Cheney, 1973b). The flow of 
heavy metala laauing from aewage sludge 
through soil with plants has been very 
thoroughly reviewed by Page (1973) covering 
107 references. The relations of a number of 
trace element*, among which Cd, Pb, Zn, 
and Cu, to health and disease have been ex
amined aa functiona of their presence in rocks, 
aoll, water, plants, animals and man in a 
number of papers that appeared in the pro-
ccedlnge of a recent workshop (National 
Academy of Sciences, 1973a). Atomic ab
sorption procedures for heavy metal analysis 
in waters have recently been reviewed in a 
book by Burrell (1974). 
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Analyaia 

Application of the carbon furnace associ
ated with i lameless atomic absorption has now 
become also operational for Cd (Rosa and 
Gonsalox, 1974). So have several types of 
activation analysis (Jervis et a l . , 1974). Use 
of a deuterium continuum source and of the 
stnndard addition method to correct for back
ground signal Interference in atomic absorp
tion spectrophotometry compared favorably 
(Ytmasakl, 1971). The long half-life of 
Cd-109 has been useful ir tracing Cd eye line 
through the environment (Van Hook et al. ,197)). 

Preparatory Isolation of Cd, when the 
metal Is present In very low concentrations, by 
liquid-liquid extraction m,*y suffer from inter
ference, Thus, extraction of Cd chelated by 
methyl isobutylkntone with rta-dlethyl dithlo-
carbamate ran Into interference by Al. This 
wat' avoided by adding NaK-tartrate (Kamlnski, 
1974), An alternative would be the use of the 
quaternary amine, Allquat 336-S, which pre
ferentially chelated Cd aa the iodide over a 
wide pH range (McDonald and Moore, 1973). 
Another chelating extractant la 2-mercapto-
benxo-thiaanle in n-butylaretate with systems 
buffered at pH 10. Addition of a large amount 
of Zn to water samples allowed for the quanti
tative removal of Cd with 2-mercapto-benzo-
thlarol even If present at concentrations as 
low as 0.02 ppb (Doolan and Smythe, 1973). 
Still another method to pre-concentrate and 
isolate Cd prior to atomic abaorptlon analysis 
is by ualng Na-H-Chelex 100 resln<3) at pll 7 
(Raeta and Kenner, 1974). 

I.OBBOS of Cd from aqueoua solutions 
during storage In glass containers ran as 
high as 75% In 16 hours If Cd were present 
at concentrations smaller than 25 ppb (King 
et al, , 1974). Boroailicate glass markedly 
absorbed Cd, while plastic materials did su 
to a smaller extent. 

Sources 

One of the most common sources of Cd 
contamination in soils and, perhaps, waters 
are phosphatic ferti l izers, The Cd content 
of a great number of New South Wales 
(Australia) fertilizers ranged from 18 to 91 
ppm, and that of superphosphate from 38 to 
48 ppm. This Cd was as soluble as that from 
CdClz. Uptake by plants, especially sub
terranean clover, ranged to up to 7% of the 
available (0.IN HC1 cxtractable) Cd present 

'See footnote (2) . 

(Williams and David, 1973). In one experi
ment carried out by these authors, the per
centages of added Cd recovered in the edible 
portions of beans, tomatoes, peas, cabbage 
and radish were 0.2, 0.2, 0 .3 , 2,5 and 2,9%, 
respectively. With rice and wheat, in
creasing the orthophosphate application to 
soil increased the yield by alleviating Cd 
toxicity without diminishing the Cd content 
'Koahlno, 1973). This would point to a process 
of detoxification Internal to the plant, Pyro
phosphate, on the other hand, suppressed Cd 
uptake, while the uptake of P from this salt 
was too slow to decrease Cd toxicity Inter
nally. Results of studies with rye grass sug
gested that It was the tissue concentration of 
Cd per se that determined toxicity (Dllkshonrn 
et aT7r'T?74). 

Another well-known source of Cd for 
so i l s , plsnts and waters is sewage sludge. 
In Sweden, phofcphatic ferti l isers cause a 
greater Cd hazard than sewage sludge. The 
total amount of phosphatic ferti l isers consumed 
in Sweden In 1971 /1972 contributed about 
10,000 kg Cd, but the total amount of sewage 
sludge about 1,300 kg Cd to that nation's soils 
(Stenstrttm and Vahter, 1974). On the other 
hand, the fraction of total Cd present In the 
grain increased as the sludge application In
creased (Stenstrom and Lonsjo, 1974). The 
availability of Cd from sewage sludge In
creased with the length of the period of in
corporation in the soi l , and with other time-
dependent factors. Also, at lower pH a much 
higher uptake of Cd from sewage sludge by 
wheat was observed than at higher pH 
(Linnman et al. , 1973), The uptake of Cd by 
varloua crops from soils amended with sew
age sludge enriched with Cd CI2 was studied 
by Bingham et al. (1973). It may be noted 
that the matrix of the Cd preaent in this sludge 
may have been different from that of the 
"native" Cd in the sludge. With particular 
reference to the Cd problem, annual aludge 
application In Sweden per hectare is limited 
to the equivalent of 1,000 kg of sludge con
taining 15 mg Cd per kg dry matter. In this 
light, the content of no less than 18 ppm Cd 
in soybean plants, of which 1 ppm was in 
their seeds when the plants were grown on a 
soil amended with 144,000 kg sewage sludge 
per ha, Bhould be reason for concern (Jones 
et a l . , 1973b). 

A more local, and often more serious 
source of Cd contamination than those men
tioned above arc Bine mines and smelters . 
The situation may be of particular concern if 
the smelters are located in the heart of a 
densely populated metropolitan area (Van 
Loon et a l . , 1973). In a scries of oapcrs from 
the Fukui Agricultural Experim Jtation, 
Japan, the cycling of Cd was examined from 
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Zn mine drainage into a river from which 
water was drawn for the irrigation of rice. 
The resulting total Cd content in the aoil 
ranged from 0.2 to 10 ppm in the 0 - 15 cm 
layer, while that of the rice waa 0.02 to 1.8 
ppm, without any apparent relation between 
the 2 factora (Takijima and Katauml, 1973a). 
While Zn in aoll allowed a poaitlve correla
tion! foil pH and Ca In aoll allowed a negative 
correlation with Cd uptake by rice. The Cd 
••emed to do rive from CdS present in mine 
waate ore* (Takijima at < l . , I97J*). Incu
bation of those orea In aoil under submersed 
condition! Increased Cd, Zn, Cu and Pb, 
especially in the presence of rice atraw 
{Takijima at a l . . 1973b), 

The Cd uptake by rice waa eupt jssed by 
Incorporating, in order of decreaalng efflreclty. 
Ca-aitlcate, Ca-phoaphate or lime into the 
•oil . A decrease in Cd solubility from aoll 
in O.IN HCI waa noticed upon incubation 
eapecially of Ca-sil icate (Takijima and 
Katsuml, 1973b). The removal of heavy 
mats la from this aoll by washing with 0.1N 
HCI proceeded in the order Cd>Cu>Zn»Pb. 
Liming reduced Cd uptake by 22% in tin 
atraw, and by 7% in the grain of rice. The 
Cd concentration in the unpolished grain di
minished from 0.33 to 0.06 ppm when the soil 
was treated with Mg phosphate and Ca silicate 
(Takijima et a l . , 1973c). Near a lead smelter 
In Missouri, lettuce, radlah and greenbeans 
were found to contain 34.5, 13.7 and 8.5 ppm 
Cd In the edible parta. In the same area, 
due to careleaa tranaport of ore by truck to 
the smel ters , the maximum Cd level in road-
side forage grass samples waa found to be 
4.3 ppm (Hemphill et a l . . 1973). 

A general environmental aource of con
taminant Cd la coal. The Cd concentration in 
Illinois coal ranged from 0.3 to 28 ppm 
(Cluakoter and Ltndihl, 1973). Precipitators 
were at least 90% efficient in preventing Cd 
from being aerially emitted from a coal firing 
power plant (Klein and Russell , 1973), Con
centrations of Cd in coal, fly »•!', residual 
fuel, oil and premium gasoline were measured 
to range from 0.7 to < 30, from 2 to < 100, 
from 0.003 to 1, and from 0.001 to< 20 ppm, 
reapectively (Von Lehmden et a l . , 1974). 

Drinking water haa been named aa a direct 
dietary source of Cd. A highly significant 
correlation waa found between 15 municipal 
water constituents, of which 12 were metals 
Including eapecially Cd, and a number of 
d i seases , especially arteriosclerotic heart 
diseaae (Schroeder and Kraemer, 1974). 
Corroding house olpea and jointa generally 
are the aource of Cd in tap water. In one 
atudy with ratj , no hypertension could be 
produced by providing Cd-enrlched drinking 

water (Forter et a l . . 1974). On the other 
hand, the relations between hard water and 
hypertension, and between Cd and hyperten
sion, may now have been linked together by 
an observed relationship between Cd and 
hard water (Perry and Perry, l<>74). The 
hypertension - Cd issue remaina a contro
versial one. 

Other, more peraonal, sources of Cd 
Intake that have come to be recognised are 
cigarettes II"lis et a l . , 1973), and coffee and 
tea (Horwtts and V.nderllnt, 1974). These 
matters have been discussed In some detail 
In an excellent review dealing mostly with the 
medical aspects of Cd (Nordbarg, 19741. The 
report emphaalr.es that the FAO/WIIO rec
ommendation of a dally Intake not exceeding 
70 ug Cd In order lo avoid kidney -'iforders 
already Implies the need of rest) rtlng certain 
foods In certain countries, even Ignoring 
tobacco smoking. 

Flow 

Continuing studies on a Zn smelter In 
Australia Involved modeling all the poasible 
Cd flow paths from source to sink, thereby 
tracing the amounts of Cd deposited at the 
various nodes in the system (Triplet! et al. , 
1974). The environmental flow of Cd In the 
Gary-East Chicago area of Northern Indiana 
Is subject to a continuing, multi-disciplinary 
study yielding important data of benefit both 
to the cooperating steal and electroplating In
dustries, and to quality preaervatlon of air, 
water, soils and trope (Yost et al. , 1974a and 
b). Industrial contamination with Cd may re
sult in amaaingly elevated subatrate concen
trations. This Is shown in a aediment study 
near a Cd-Ni battery plant. In Ita proximity, 
the Cd concentration was as high as 32,000 
ppm, moatly as Cd CO), while 100 m away 
it still was 780 ppm in an organic milieu 
(Bondletti ct a l . , 1974). In an excavation near 
Gary, Indiana, subject to both industrial and 
automotive Inputs, Cd concentrationa ranged 
from 0.32 to 3.4 ppm (Peyton and Mcintosh. 
1974). In Australia, the Cd concentration of 
a river near a smelter outlet amounted to 
1.75 ppm, as against a background (uncontam-
inated) concentration of 0.00009 ppm (Doolan 
and Smythe, 1973b). 

Contrary to moat heavy metals , notably 
Zn, the muuIVty of Cd in aolta and sediments 
is rather independent of pH, even at 
pH > 8, bacauae of the abaence or minor role 
ot hydrolyaie. For an aqueous environment 
theory predicted that the species Cd(OH)' 
would start appearing at pH > 7 (creating at 
pi I 10), while neutral, soluble Cd(OH| 2 would 
start being formed at pH > 8 (Hahne and 
Kroontje, 1973). This may partly explain the 

http://emphaalr.es
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amaxing mobility of Cd In the environment, 
even in nonacid soil*, except In the pretence 
of aulfide (Minagawa and Kamada, 197]). 
Studying 3 columned soils under conditions of 
• at'irated flow, Jurinak and Santillan-Medrano 
119V I) obaerved Cd to move faaler than Pb, 
They developed a traneoort model, taking In
to consideration ion-pair formation, precipi
tation and acetate chelation. Once steady 
state had been reached, theoretical predic
tions following from the model agreed well 
wllh the results of measurements. 

Although toil organic mailer chelation 
has a relatively minor effert on the flow of 
native Cd In mineral soils lHaghlrl, l°74) , 
II may be of more Importance in organic soil 
amendments like sewage sludge. Using a 
specific Ion electrode to determine stability 
constants for Cd with humlr arid, Cd ranked 
third after Pb and Cu. At pH 7, cd could be 
displaced from humic acid by Nl > Zn • Co "St 
(Bondlettl and Sweet in , 1973). In a study 
dealing strictly with Inorganic sys tems , the 
Cd-Ca exchange coefficients for aqueous sus
pensions of clay saturated with these cstlons 
amounted to 1.04, 1.01 and 0.89 for montmor-
lllonlte. Itlite and kaollnlte (Bittell and 
Miller, 1974). Comparing the toxicity of a 
number of metala relative to corn grown 
either in an organic (11.4% C. pH 6.8), or in 
a mineral (0 .61 C, pit 6.8| to l l , root growth 
in the mineral soil waa inhibited by the 
metala in the order Cd:>Co>Ni*Cu>Pb, and In 
the organic soil In the order Cd>Co>NI)Cu>Pb 
(Mlnaml at al. - 197}). Thus organic mstter 
chelation of Cd, If it occurred, did not 
greatly alter the order of toxicity. 

Accumulation 

Biological magnification was evident with 
the waterman! Najaa-Guadalupenals con
centrating Cd by a factor of about 1000 rela
tive to ambient water, where the Cd concen
tration waa either 7, 90 or 8)0 ppb. White at 
the lower exposure levels the plant itself did 
not suffer. It then already had become toxic 
to aunfish and water fowl (Cearley and 
Coleman, 1973). 

Studies on phytoplankton In Montery Bay, 
California, indicated that of all the heavy 
metala studied the concentration only of Cd 
decreased In water during peak production 
of plankton, even though the metal waa much 
more concentrated In the Bay than farther out 
In the ocean (Knauer and Martin, 197}). 
Effect of dredging operatlona on concentra
tion* of diaaolved Cd have been atudied in 
conjunction with tidal effects. Critical Cd 
levels for the species Chlamydononas and 
Euglena were found to be aa high aa 0.1 and 
10 ppm, reapectively, while maximum Cd 

concentrations from the dredgo'i ( i . e . , 
higher Cd) areas were only 0.CC2 and 0.040 
ppm (Knelo et al. . 1973). Elsewhere (Kerfoot 
and Jacobs, 1974), Cd levels In water safe 
with respect to shellfish for human consump
tion were ettimated to vary from 0.2 to l,«. 
ppb Hg, depending on the spec ies . 

With regsrd to uptake of Cd by plants 
from so i l s , a background value off <0,J ppm 
for Cd In wheat and perennial graeuas in the 
Eastern (18 has been proposed on the basis ol 
• large number of analyses iHuffmsn and 
Hodgson, 197)), No regional pattern teemed 
to pertain >o thete Cd values, or to their 
corresponding Zn,Cd ratio valuet. In a 
ttudy Involving different crops, sptc les dif
ferentiation with regard to Cd uptake showed 
tin' other 1ettuce>radlah tops>celery 
sta'kSrelrry teaves«green pepper>radlsh roots 
<H»t>.'-;. 1973). t'ptake of Cd by oats de
creased as the cation exchange capacity of the 
• oil Increased, while organic matter chelation 
was considered a minor factor (Haghirl, 1974), 
Haghiri also showed that when the concentra
tion of Cd at high levels was raised further, 
the uptake and translocstlon not only of Cd, 
but also of 7,n by eoybeans increaaed. 
Koehlno ff»73a) found that Zn added in high 
concentrations to soil boosted not only the 
uptake of Zn, but also that of Cd by rice , 
Francis and Rush (1974) observed thst more 
Cd waa taken up bv bushbeane from solutions 
containing ' , then from thoae containing 
I ppm Zn, without apparent Zn toxicity. This 
reviewer, working with solution cultures of 
radian, generally agrees with the above obser
vations (Lagerwerff, 1972), He noted a slight 
cracking of the root cortex, auggeatlng the 
possibility of rather unimpeded Inflow of Cd 
and Zn under conditions where either one waa 
present In high concentration i . e . , 100 ppb 
with Cd, and 400 ppb with Zn. Perhaps the 
formation of phosphates of Cd and Zn in the 
phospholipid layers of cell membranes results 
In a phyaical decay of these traditional barriers 
to ion Influx, allowing their increaaed rate of 
entry. At any rate, and contrary to experience 
with animals and humans, Zn seems to be s 
poor counteracted with rega rd to the uptake 
of Cd by plants. 

Solution culture studies with bush beans 
showed that raising the levels of Ca and N 
resulted In • decrease in Cd uptake (Francis 
and Rush, 1974). Also, Cd uptake was many 
tlmaa greater from nutrient solution* con
taining an Fe chelate, such as Fa DTFA, at 
pll 4.6 than at pH 6.5. In the presence of the 
Fe chelate, the tranalocation rate from roots 
to tops waa higher at the Wisher than at lower 
pH. Equal translocation rates prevailed at 
the 2 pH'e in the abaence of Fe DTPA. In soil 
culture* with Japanese millet , the same authors 
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found a strong suppression of Cd uptake from 
both CdCl 2 and CdO In scld soils after liming. 
W lien corn wae grown on a aandy aoil amended 
with either Cd or Ni In equal roncentrationa 
and limed in Ita earlier stages to pH 6.8, it 
Buffered much more severe retardation from 
Cd than from Ni (Traynor %nd Knaeek, 1974), 
In all likelihood, at the prevailing pH Cd was 
not, but Ni was precipitated, This is becauac, 
at equal concentrations, NI would have been 
the more toxic metal, 

In comparing the effects of the chlorides 
of Cd, Co, Cu and Zn added tc soil cultures 
In com untratio is ranting from 1* to as high 
as 144 ppm, on nodulstion of 6.week old red 
clover, the order of toxicity was found to be 
Cd>Go>Cu>Zn (Mcllveen and Cole. 19741. In 
solution culture studies with corn, Cd was 
found to be toxic even at t ppm (Koeppe st a l . , 
1974), Koeppe et al. found evidence of a de
crease in chlorophyll content and abnormallr.a-
tion of mitochondria, resulting in inhibitions 
of substate oxidation and in uncoupling of 
phosphorylation. Regarding the affinity of Cd 
to mitochondrial membranes, these authora 
found the following ordert Cd* Zn>Nl>Mn>Co. 
Elsewhere (Cauba and Ormrod, 1974), osone-
Induced phytotoxiclty of lettuce and water 
cress was Increased by Cd, and more so with 
Cd abaorbed through the roots than through 
the leaves . 

Working with a aoll aplked with Cd to the 
rather unusual levels of 40 and 200 ppm, the 
metal was found to accumulate in the roots 
of carrota>paaa:4ettuce>cauliflower (John, 
19731. The 2 soil levels of Cd caused Cd 
levels in carrots of 1,738 and 6,122 ppm, 
which makes one wonder about thla crop's 
toxicological atamina, The presence of Cd 
in soil even at a concentration of 1 ppm ap
peared not to affect nitrification (Tyler et a l . , 
1974). 

Reviews 

An expert overall discussion of the Cd 
problem has been preaented by Fleiaher 
et al. , (1°74) in a contribution that appeared 
as the laat paper la an iaaue entirely devoted 
to a conference on low level Pb toxicity. The 
70-page article, covering 1b\ references, 
contains sections on rock, coal, oi l , a ir , 
aerial emiss ions , soi l , water, planta, and 
animals, on the flow of Cd due to plating, 
and due to mining, smelting and metallurgy 
of Zn, on the relationship of Cd to incineration 
and combuatlon of waste, and to application of 
aewage sludge to land, and on analytical 
technlquaa. An equally high-quality overview 
deals with the Cd issue aa a societal problem, 
devoting 15 of the 473 pages to Cd in soil , 
plants and animals, water and aedlmenta 

(I'ulkerson and Coeller, 1973). A recent 
draft report (Sanjour, 1974), while predomi
nantly directed towards furnishing basic data 
to be used in formulating regulatory policy, 
offers good sections on sverage intakes, 
threshold toxic dose, contaml tation of air , 
soil , water and crops, and, especially, sew
age sludge. Research suggestions are 
offered. Among the Invaluable annotated 
bibliographies currently issuing from th« 
Toxic Materials Information Ccntor of the Oak 
Ridge National Laboratory, the one on Cd is 
of great help to heavy metal devotees 
(Copenhaver et a l . , 1973). It contains 93H 
abstmctad citations In nil areas of environ
mental Cd research, 

COPPER 

Analysis 

Analyzing aqueous sys tems , Cu selective 
electrodes were of use in the 10*6 to lO-^M 
concentration range (Hlaedel and Dinwiddle, 
1974), While the response was slow, the 
Interference due to the presence of even 
100-fold excesses of H, Ca, Zn, Al and Fe 
caused errora that did not exceed a factor of 2. 
Of 3 aoil extrscting agents v is . , 0.4 NHNO3, 
0.04 M EDTA and 0.1 NIIC1, only the latter 
was found to correlate with Cu absorbed 
during 4 days by Aspergillus niger 
(Schllchtlng, 1973). 

Sources 

The growing demand for Cu has increased 
aurface mining of thla metal. This is con
tributing to existing environmental contamina
tion at mining sites predominantly cauaed by 
strip mining techniques (Disraeli, 1973). The 
spreading of awlne manure, rich in dietary 
Cu supplemented because of antihelminthic 
effects, is a notable means of regional con
tamination of agricultural land. This Cu 
normally Is chelated, as most Cu In the 
presence of organic matter la, and the rnte of 
uptake of the chelate depends strongly on soil 
conditions and plant species (Hedges et al. , 
1973). 

Smelting activltiea often conatltute a 
more widespread nource of contamination of 
soil and water with Cu than mining. The 
industry, aware of thle fact, is considering 
steps to abate Cu emissions (Gobel, 1974). 
It does not seem quite clear why the toxic 
effect of Cu on several grass species grown 
on Cu mine tailings could be partially offset 
by the application of small amounts of Al 
(Erblsch, 19741. The stabilization of Cu mine 
tallinga with giant Bermuda grass did not re
quire such an amendment (Day and Ludeke, 
1973). 
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Fallout from power plants conatltutes a 
source of Cu contamination comparable to 
that from Cu smelters . Modern precipitator* 
are 90% effective for Cu and many other 
metala (Klein and Russell , 11751. Concen
tration* of Cu in coali fly ash, residual fuel 
oil and premium gasoline were found to rang", 
In ppm, from <P,4 to 10, from 33 to 300, 
from 0.2 to 1, and from COOS to ).H, respec
tively (Von Lehmden ot al, , 1974). 

Older type* of high tension voltaue wires 
arc a rather Infrequent source of Cu contam
ination lllamke* and llartmans, l u 7 3 ) , 

Soil 

Firm bonding of Cu to soil organic matter 
largely determines the soil chemistry of this 
metal. Apparent stability constants deter
mined with specific ton electrodes, describing 
the bonding of Cu, Pfo and Cd by hurric acids, 
are of the same general magnitude as those 
Involving citric and oxalic acids , with the 
order Cu>Pb>Cd (Bondlettl and Swceton, 1973). 
Elsewhere (Stevenson et al. , 1973), the 
formation constants between Cu and htimic 
and fulvic acids, as determined by a modifica
tion of the Bjerrum potantlometric method, 
was comparable to those observed for synthetic 
polycarboxylic acids. The overall formation 
constants for the 2-step process ranged from 
2.5X 1 0 - 4 to 7.9* 10-3. After addition of Cu 
as the natural polyflavonold complex to sur
face samples of nine Wisconsin so i l s , the ex-
tractable contenta of both Cu and Mn increased, 
while that of Zn decreased (Dolar and Keency, 
1974). 

Attempts at fractionating soil Cu in terms 
of bonding strength were strictly empirical: 
soil solution Cu and exchangeable Cu by ex
traction with 0.05M CaCl2l Cu weakly bound 
to specific inorganic adsorption sites by ex
traction with 2.5% acetic acid; organically 
bound Cu by extraction with M N»4Pj>0 7; Cu 
occluded by oxldea with acid (pH 3.3) oxalates: 
and residual, e . g . clay-lattice occluded, Cu 
by treatment with HF' (McLaren and Crawford, 
1973a). 

Free oxides of Mn are Important scaven
gers for Cu. Comparing individual soil con
stituents (McLaren and Crawford, 1973b), the 
adsorption maximum for Cu followed the 
order: Mn oxides^organic matters Fe 
oxides>clay minerals. Adsorption of Cu by 
whole soil was of the Langmulr type, with a 
maximum at pH 5.5 varying between 340 and 
5,780 u.g per g, mostly due to Mn oxides and 
organic matter. Where the Cu concentration 
in the equilibrium solution was < 0.4 fig per 
ml, specific adsorption prevailed over non
specific adsorption. Between 2 and 21% of 

total Cu in 24 soils exchanged isotopically. 
Most of the organically bound Cu was not 
isotoplcalty exchangeable (McLaren and 
Crawford, 1974). 

Strong retention of Cu occurred with 
certain clay mineral spec ies , especially 
vermiculite, a* measured by extraction with 
N NaCI, Kaollnite and montmorillonlta 
showed easy release of Cu using the same ex-
trar tant (Klshk and Hassan. 197)), In an ex
cellent paper (Steger, 1973), the adsorption 
has been described of Cu, mostly as C\i2-> 
and CulOH)'* in the pit range of from 4.) to 
*»,9, In terms of an empirical Langmulr-type 
equation. Two kinds of adsorption sites were 
recognised, vlr.. , lattice hydroxy! groups 
located at defective crystal s i tes and edges , 
and organic matter associated s i tes , It Is 
speculated that bentonite loaded with organic 
matter may be best to adsorb Cu and other 
undesirable metals from waste waters, Re
sults of a study in msrlne sediments and clay 
minerals coated with organic matter points 
in the same direction (Meyers and Qulnn, 
1974). Using solution* In whicn were 

suspended semipermeable bags with mineral 
and amorphous inorganic materials coated 
with Co and Cv, the release of tnese metals 
by deaorptlon decreased in the order: Fe-A1 
hydroxldea>bentonlte>eoil clay 
fractlon>biotlte?4<aolinite. This was monitored 
by their uptake by clover from the solution 
ambient to the haga (Kabata-Pendias, 1973). 

Plants 

While one reference (Home and Goldman, 
1974) mentioned that blue-green algae in a 
California lake showed suppressed N fixation 
due to the presence of 3 ug Cu per liter, other 
reporters (Manahan and Smith, 1973) held 
that 30 to 40 ug Cu per liter provided optimum 
growth with Oocyatis and Chlorella algae, re
spectively. In a solution containing 64 mg Cu 
per liter, photosynthesis of Chlorella was 
more Impaired than respiration, while chloro
phyll and sulfhydryl contenta were reduced 
(Cedenoma and Swader, 1974), Algae species 
isolated from Cu contaminated lakea in Canada 
proved to be more tolerant than aimilar 
apecles cultivated In vitro (Stokes et a l , , 
1973). 

As with the chemistry of Cu in soi l , so 
the uptake of Cu from soil strongly depends 
on organic matter complex formation. Up
take of Cu by tomato from organometallic 
complexea formed by fermentation of alfalfa 
was higher than from equivalent amounts of 
C11SO4 added to soil (PiotrowEka, 1973). 
Similar results with bush beans grown on a 
calcareous Hacienda loam were found when 
using EDTA (Wallace and Mueller, 1973). 
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The pretence at 5 ppm Cu at CuEDTA ceueed 
more accumulation of Cu in leavea of the 
beana than did $0 ppm Cu aa CuSO*,, On the 
other hand, the mineral content of forage 
planta growing on organically rich tundra 
aolt W I I Inadequate for reindeer IScotter and 
Ml IU mo re, 1971). Thli may have been due 
to a deficient level of total Cu, v ia , , I.S ^g 
par g of foi l . 

Workare In Rmsla found N fertiliser* to 
Increaae, but P fertiliser* to decrease Cu 
reaponae by paature gra*t*a, irrespective 
or whether the Cu concentration ->f the aoll 
w i i high or low (Moruglna and Chulkov, 197)1. 
Again, the availability of Cu In a aandy l>im 
wai found to decrease upon the addition of 
phoaphate fertil iser (Badanur and Venkata, 
1973), Internal tolerance of plant* to Cu, 
promoted by P, played a more important role 
than exclueion of Cu in pot experiments with 
tree seedlings (Smllde, 1973), tn the latter 
•tudy, P appeared to Interfere with root-to-
ahoot translocation of Cu, Fe and At, but not 
of Zn and Mn, Low level* of Cu etrongly In-
created P uptake, became Cu stimulated the 
activity of phoaphataaea and glycolytic encymes 
participating In P abaorption and tranalocation 
(Stasauskaita and Navaitlene, 1973). 

Scotch pine, whit* pine and red mapla 
war* found to take up Cu through the root* *• 
well aa through the foliage. Concentratlona 
of Cu in the trunk* were found to be aa high aa 
1,100 ppm with contaminated epeclmene, »• 
compared to IS ppm with uncontamlnated con
trol* (Weldeneaul, 1974). 

Fertilisation of unlimed aolla with Cu 
• igniflcantty lncreaaed Ca uptake by lupine 
and broad-bean* (Zhienevakaya and Borodenko, 
1973). The itlmulatlng effect* her* noted 
may perhap* limply be aacribad to alUvlatlon 
of a Cu deficiency. Indication* that aupplylng 
N would influence the uptake of Cu by oat* and 
barley (Thlel and Finck, 1973) might be a 
matter of pH lowering due to Fertilizer*. In
teraction between Fe and Cu l i well known. 
In atudlea with tropical foliar < rope, the Cu 
content decreaeed in 3 out of 4 cat** where 
Fe waa added at the 1 ppm level to nutrient 
•olution* used to Irrigate aand culture* 
(Schmidt *t * 1., 1973). Studying macroscopic 
and microscopic effect* on legume* of high 
doae* of B (30 - 90 ppm), Cu (5 - 10 ppin), 
Mn (SO - ISO ppm) and Zn (SO - ISO ppm), 
only Cu appeared to be related to F* deficiency 
chloroaia (Vogel, 1973). Studying the Inter
active effect of Cu on Fe from Fe EDTA or Fe 
tartrate on bean*, it wa* found that high Cu 
induced chloroat* by precipitation of Fe aa 
Fe3(PO<)2 in the root* (Daniel* et a l . , 1973). 

In an organic aoil contaminated by Cu and 

Zn from a braat factory, highly dgnlficant 
negative correlation coefficient* existed be
tween Cu plu* Zn concent rationa on the one 
hand, and reap!ration, ureavc activity and 
acid phoap'iataee activity on the other hand 
(Tyler, 1974). 

Review* 

In a review paper covering 66 reference! , 
it waa pointed out that the ute of Cu containing 
fungicide* or twine manure miy increaa* the 
concentration of Cu In pasture ars i s** to 30 
ppm, Thl* I* the limit for *h**p, a Cu senst-
tive animal, Annual aoll application* of 7 kit 
Cu per ha wa* deemed a practlre not to be con
tinued longer than 4 to 10 year* (Bakur, 1974), 
Coppanet (1974) reviewed the agronomic cor,-
•equencle* of the application of liquid pig 
manure to aoil. 

LEAD 

An»ly»i* 

Interference by Fe in the atomic abaorp
tion apectrophotometry of Pb could be prevented 
by prior Isolation of Fe with acetylacatone 
and chloroform (Balraadj*ing, 1974). In w*t 
aehlng of foodstuff* followed by atomic ab
sorption (pectrophotometry, certain matrix 
elementa may interfere In the determination 
of Pb, A procedure la deacrlbed In which Ag 
It added to the etrong acid* aeaay, followed 
by perfusion with HjS. Lead, copreclpitating 
a* the (ulfide, i t then removed from the 
aa*ay by redlssolutlon prior to analyal* 
(Boppal, 1974), The determination of natur
ally occurring varlationa in atabla Pb Uotope 
abundances hive been used aa a fingerprint 
technique to Identtf aourcea of contamination. 
Thus, in the New L. ad Belt, Missouri, the 
•table Pb Isotope composition In dust and 
topaoil* near Pb smelters showed • set of 
value* comparable to one describing the ore 
but distinctly different from another such sat 
characterising gesoltn**, traffic fume* and 
roadatd* aoilt (Rabtnowlte and Wetherill, 
I97Z). tiling the same technique, a similar 
distinction waa poeeible with a t me Iter near 
Benicla, California. In general, controversial 
have arisen around the applicability of thia 
method. Another "fingerprint" technique la 
baaed on the aeparation and pre-concentration 
of Pb compounds In soil without compound 
convereion, fallowed by their analyst• 
(Skogerboe and Olsen, 1974). Finally, cath-
odic stripping ha* been developed aa a sensi
tive polarographlc approach to the analysis of 
Pb after ita earlier deposition a* a monolayer 
of PbC-2 (Kinard and Propct, 1974). As the 
method is applicable only to metala that de
posit a* sparingly soluble oxides, it is rela
tively free from interferences. 
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Sourca 

Combuation producta of laadad gaeoline 
ara now being vlawed aa tha moat ganaral 
cauaa of anvironmantal Pb contamination in 
Europa (Bapetti and Arduino, 1971| Partoidi 
a t a l . , 19711 Horak and Hubar, 1974s 
Binl, 1971a) and In Auatralla (Wylle and Ball, 
1971). In this connaction. concarn for public 
watar quality haa prompted aoma atudlaa on 
urban atraat runoff iNightlngtla, 1974). In 
ona auch atudy, runoff from the adga of a 
roadbad avaragad 5.1 mg Pb par tltar 
(Nawton at al. • 1974). tn comparing tha Pb 
concent ration g radiant with dlatanca from 
traffic In woodad land and in cropped land, it 
o n apparant that a laaaar gradlant existed In 
tha lattar caaa (Rolfa, 1971a), Thla aupporta 
tha hypothaaia that woodland bordar strips ara 
affactlva barrlara to Pb dlaparaal from high
way!. 

In a atudy Involving roadalda traaa, 
naadlaa of conifers exposed to 24,000 cara 
paaalng by per day contained up to 700 ppm 
Pb (Blni, 1971b). In another auch atudy 
(Ward at a l . , 1974), aharpdifferenceaoccurred 
between apecimena upwind and downwind from 
traffic, and between Inner and outer bark. 
Tha lattar obaervatlon would auggeat that moat 
traffic Pb entered treea through the root a. A 
atudy by thaaa workera of tha Pb content of 
year rlnge ehowed an Increaae of from 50 ppm 
in 1910 to > 1,000 ppm in 1970 with plane, 
cheatnut and aah, but laaa ao with oak and, 
eapacially, e lm. Shouldera of roada uaad for 
traneportatton of metal-rich orea may be ax-
poaed to additional heavy mutal Input if the ore 
la Inadequately containereri (Hemphill at a l . , 
1974). An additional roadalda input of heavy 
metala would occur where cruahed, worked 
ore la used for road hardening. 

Emtaalona from metal ore ameltera are 
the next moat important cauaa of environ
mental Pb. Occaalonal high ratal of Pb fall
out around two urban lead emeltere in 
Toronto, Canada, reaulted from large-parti-
culate emiaaiona from fugitive aourcea rather 
than from atack emiaaiona (Roberta, 1974). 
In thla inatance, Pb in duatfall, and, there
fore, in aoil, vegetation and outdoor duet, 
decreaaed exponentially with dlatance from 
the 2 ameltera. Fallout from ameltera In the 
Mlaaourl New Lead Belt reaulted in elevated 
Pb and Zn concentration! tn the An litter 
layer and in the top one-inch layer of toi l . 
The majority of Pb, however, waa preaent 
on the aurface of leaf fall (Bolter et a l . , 
1973). 

Flow 

The environmental flow of Pb aa a result 

of contamination c*uaed an increaaa of Pb in 
tha food chain even in hlsh-iltltude acoayatama 
(Hlrao and Pattaraon, 1974). In central 
England, dry fallout rather than wat fallout 
waa Judged to be the major aourca of environ
mental Pb. Within tha fame area, heavy 
metal composition of rain waa different from 
that of fly aah (Hallaworth and Adame, 1971). 

Aerial fallout of Ph at various latltldee 
in tha Atlantic ocaan showed a distinct in
creaaa with Incraaaing dlatanca from tha 
equator (Chaster and Stoner, 1971), As tha 
same haa alao been observed to take place 
over continental areas , tha consequences of 
this trend In terms of anvironmantal exposure 
of humane and animals in arctic and subarctic 
areas la a matter that no longar can ba Ignored. 
With aerial contaminants funnaling Into these 
regions, and depoaitlng on tundra grassea 
with a high molatura content maturing over a 
long growth period, the effect on the metal 
burden of the heavily meat dependent popula
tion haa acquired analytical detectablllty. 

The aquatic environment la a major vehicle 
for the present and potential flow of heavy 
metals from watersheds (Rolfe and Edgtngton, 
1973), such as those in which are located the 
mines and mills of the Missouri New Lead 
Belt. The transport is mainly in tarma of 
finely ground particles which may escape 
reaervoira for flotation and tailing, especially 
during periods of turbulence. In addition, 
mill effluents sometimes contain nutrlenta en
couraging algal growth, which in turn may 
cauae accumulation of Pb In aigniflcant 
quantities, especially near tha aourca. Die-
solved metala par ae do not constitute a prob
lem (Oale et af., 497l). 

In comparing total Pb output from a water-
shod with total Pb input, only 2 to 3 percent 
appeared to be left in the water. Thla would 
indicate a large build-up of Pb in the ecosystem 
under study (Edgington and Wolfe, 1973). 

The annual ratea of Increaae of Pb in aea 
bottom sediments of the Santa Monica, San 
Pedro, and Santa Barbara, California, basins 
were 0.9, 1.7 and 2.1 ug per c m ' , aa com
pared with 0.24, 0.26 and 1.0 ug per c m 2 

repreaenting background, i . e . , pre-contamin-
atlon era ratea (Chow et a l . , 1973). The con
centration of Pb in aediment layers cored 
down to 50 cm increased. 20-fold over the paat 
100 yeara due mostly to gasoline combustion 
(Crecellus and Piper, 1973). A a with Cd, the 
flow of Pb into the human system by way of 
drinking water haa now been related to its 
hardneae (Crawford and Clayton, 1973). 
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Soil 

A study In toil development In Walsa re-
vaaled a chronological relationship between 
19th century Pb contamination and known 
mining actlvitiaa In that period (Oaviea and 
Lewln, 1974). The author! concluded that 
"the fact that alluvial matarlala do Incorporate 
pollutant! in thli way mult mean that they are 
available (or relea<- to r i v e n and subeequont 
distribution by them a i banki are eroded. A 
•pollution pulie' la aucceeded by continued 
pollution at a decreasing level over a con
siderable period or t ime," With regard to 
heavy metal uptake by agricultural ( -ops , 
the aama argument applies when the eolla on 
which they grow during aome period In the 
recant paat had been contaminated. 

The exchange behavior of Pb preaent In 
low concentrations In kaollnitlc, montmorlll-
onitic, and Itlltlc aoila pretreated with either 
Al or Ca, and kept at a number of aalt levels , 
agreed with maes-actlon law principles. The 
mean valuea of the Gapon exchange coefficient 
describing the distribution of lone between the 
adsorbed solution phaaea of the three soil 
typaa were 0.31, 0.11 and 0.24 for Pb-Al sys 
tems , and 4.13, 4.97 and II.I for Pb-Ca sys 
tems (Legerwerff and Brower, 1973), A 
study on equilibrium relationships In soil of 
various Pb compounds Included Pb, PbO, 
P b ) 0 4 , P b 0 2 , P0SO4, Pbj(S04>2. PbO.PbS0 4 

and PDCO3. Not Included were organic matter 
complexea of Pb (Lindsay, 1973). The Im
portance of the latter was pointed out In rela
tion to certain isolated humlc a d d s (Hlldebrand 
and Blum, 1974). Aa Pb agea in soi l , such 
complexea may gain In Importance. 

Applying aeroblcally composted domestic 
refuge, experimentally marketed aa "Cycle-
lite TM humua 9" (pH 6.8-7.2), to a silt loam 
at rates of from S to 50% by volume, growth 
of corn, soybear, ryegrass and anapbean de
creased by aa much as 50% because of Im
mobilisation of inorganic N and P. Whether 
the humus waa freshly produced or had been 
Incubated for 6 monthe, no lncreaae occurred 
in Pb uptake by any of the 4 crop spec ies , al
though the humus contained 300 ppm Pl> 
(Llabhardt and Koaka, 1974). Boaldes organic 
matter, another strong Pb adaorbent Ir aoll 
ia ferric hydrous oxide. Aa much aa 0.28 
molea of Pb per mole of Fa in auch a form 
was found to be sorbed from solutions at 
pH 6. The adsorption, strongly dependent on 
pH, is believed to be specific (Gadde and 
Laltlnen. 1973a). 

Plants 

Growth and Pb uptake by corn and alfalfa 
were measured on Chester silt loam at 2 soil 

pit levels and 4 soil Pb levels In the course of 
a greenhouse study. A double Pb contamina
tion hazard existed, via. , proximity of heavy 
tiafflc and fallout of particles of leaded paint. 
Control treatments were also executed outside, 
I . e . , in the absence of leaded paint. While 
the fallout of Pb was almost J t imes heavier 
Inside than outside, the aerosol Pb concentra
tion waa almost twice aa large outside than 
Inside. The latter waa reflected by the tasse ls 
of corn, apparently the only plant organs 
capable of monitoring aerosol movement. All 
other plant parts, esperlslly In the upper plant 
section, reflected the heavier Pb fallout inside 
than outside, while the lower plant parts also 
reflected Increases in soil Pb content, lie-
cause more Pb was removed by washing 
• Haifa leaves as more Pb waa taken up from 
the soil by these plants, translocation of Pb 
seemed to occur from roots to tops 
(Lagerwerff at a l . , 19731, Russian work 
would Indicate that increasing the Pb content 
of a micro-nutrients containing fertiliser 
from 0.3% to 2% had no adverae affect on rorn 
and wheat grown on calcareoua aoll, although 
the Pb content <'f the plants was high 
(Mokrlyevlch et t l . , 1973). 

Between 70 and 96% of Pb taken up by 
perennial ryegraaa from Pb enriched soil 
waa retained In the roots, and did not reach 
the shoot (Jones et al. , 1973a). With S added 
to the aoil, the Pb retaining capability of rye
graaa roota was greater than without S added, 
pointing to an Interaction between Pb and S 
taking place Inside the roota (Jonea et a l , , 
1973c). Herbage, harveeted annually alnca 
1920 at R .thamsteed, did not ahow any notice
able incraaae in Pb content (Williams, 1974). 
On the other hand, when the content of native 
Pb In a soi l , i . e . 65 ppm, was boosted by 
adding PbCl; to 69S ppm Pb, tha Pb content 
of whole beet plants increased by a factor of 
mora than 3, and of whole lettuce plants by a 
factor of 6. Boosting the aoll Pb content 
from 65 to 6,680 ppm reeulted In a 20-fold In
crease In the Pb content of whole potato and 
carrot planta (Crudglngton et a l . , 1973). 
Studies in Germany with barley growing In a 
ailt loam (pH 5.4) enriched with 40 ppm Pb 
from Pb(NOj)2 also showed a strong response, 
v i z , , from 8 to 578 ppm (Wagner and Siddiql, 
1973). 

An unusual atrong response waa noted 
with cropa in Nova Scotia (MacLean and 
Langllle, 1973). With Pb concentratlona In 
the aoll varying from A to 352 ppm, those in 
the vegetation ranged from 0.8 to 185 ppm. 
Uptake of Pb by 2-year old seedlings from 3 
selected tree species grown on 3 soil types 
adjuated to 5 aoll Pb levels (0-600 ppm) in
dicated a reduction of Pb uptake by up to 50% 
when phoaphate w^s added in amounta of up 
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to 340 kg par ha (Rolfe, 1973b). 

Studies on young corn plant! exposed to 
Pb in hydroponU' solutions showed that in Un
roots Pb crystals accumulated in thai part ol 
tha cell wall that w»« adjacenc to the plasma-
lemma. Similar deposits were observed In 
• lama and lea vat IMalone at a l . , 14741. In 
n strikingly aimllar mannar, bactarial ralla 
took up aubatantlal quantitiaa of Pb which was 
ratalnad by tha call mambrana, vary llttla of 
it reaching tha cytoplasm, Alao, tha lipid 
rontant of Pb treated bactarial cel ls wan 
much lowar than that of lha controls 
(Tornabeno and Edwards, 1974). Leakage »f 
intracellular Tiatarlat* from Pb traatad cells 
pointed to Irregularities in the cytoplasmic 
membrane, perhaps due to the formation of 
Pb phoaphate at the expanta of phospholipids, 
Corn roota were obierved tu exudate mater
ial that could complex Pb and ao abaorb it 
(Oadde and Laltinen, 1473b). 

Behavioral patterna in reeponse to Pb 
may differ between plant apeclea. At lower 
Pb levels , i . e . < 20 cig Pb per plant, corn 
was more sensitive than toybean, but at 
higher level*, l . e , , •» 100 ug Pb per plant, 
soybean w n more leni it ive than corn. At 
2S0 |ig Pb per plant, photoayntheala wai down 
to 10% with soybeans, and to 47% with corn, 
A» a almllar trend wai observed with tran
spiration, the Inhibition! may have been partly 
related to an increase in ttomatal resistance 
(Itar.xar. et a l . , 1974). 

Turning to smaller epeclea of plants, a 
SO";, growth reduction was obierved with 3 
different algae when cultured in nutrient solu-
tlona containing from IS to 18 ppm Pb 
(Malanchuk and Gruendling, 1973). Such 
concentrations) however, are at least SO 
times higher than those found In soil solutions 
even of contaminated so i l s . Examining the 
uptake from solutions by lichen of various 
heavy metals , Pb was absorbed st a rate ex
ceeded only by that of Fe: Fe»Pb>Cu>Nl- ZnXTo. 
The observed sequence was in accord with 
cation uptake mechanisms involving ion ex
change modified by metal complex formation 
(Puckett et al. , l°73). In moss leaves with 
SO ppm Pb as a result of uptake, Pb was 
bound in the nuclear membranes as a diffusible 
complex (Skaar et al. , 1973). It is perhaps 
due to this mechanism that the cytoplasmic 
concentration of Pb can be kept below a level 
otherwise injurious to mitochondrial and 
other Pb-sensltive cytoplasmic functions. 
Studies on rat liver indicated that mitochondria 
accumulate Pb like they do Ca. In the mito
chondria, Pb prevented ATP synthesis by 
hydrolyr.ing it. Also, Pb interfered with 
trcms-membrane transport of ions, formed 

complexes with Sll-group containing mjto-
c hondrial enzymes, find reacted with phcH-
phates, thus causing cell walls to collapse 
(Walton, 1973). Chlorophyll functions alsu 
were impelrod by Pb (Baxxa* and Govlndioe, 
1974i Klussello, l'<74). 

Reviews 

Good literature reviews on Ph came Into 
print, One deals with the toil-plant system 
l/lmdahl and Ar.dk, 1''7H, while another one 
briefly details thn ecological flow of Pb from 
source to sink {(.'how, 1973). The latter re
port covers aerial pathways and human Im
pact of Pb. An equally recommendablo re
view deals with toxicity, sources , and atmo
spheric, hydroapherlc, snd llthospherlc 
aspects of Pb (Shukts and Leland, 1973). The 
literature is covered through 1971 by 118 
references. 

MANGANESE 

Analysis 

The atomic sbsorptlon spectrophotometry 
of Mn was recently discussed in conjunction 
with that of other m e t i l ! (Aoba and Seklya, 
1973). This method it only moderately sensl-
tlvc. 

Source! 

Although Mn toxicity, like Al toxicity, 
often is an acid loil problem, the literature 
i i preiently pre-occupled with iteam steril iza
tion of greenhouse soils and waterlogging of 
agricultural land as csuses of the occurrence 
of excess Mn. Steam-sterilisation induced 
Increase in Mn concentration wss found to be 
toxic to carnations. As usual, the trouble 
could be overcome by raising the pH (Ishlda 
and Masui, 1973). Similar events have been 
reported with regard to lettuce in Ohio 
(I3auerle, 1973). Using isotope dilution 
techniques, flooding was found to Increase the 
availability of Mn and Zn to rice because of 
reduction of the corresponding oxldet (Tiller 
and Wassermsn, 1974). In dune slacks rich 
In organic matter, the availability of Mn and 
Fe increased when flooding occurred, I . e . 
in u'nter, spring and early summer (Jones, 
i«73b|. 

Soil 

Because of the polyvalent nature of Mn, 
the availability of Mn is well known to be 
linked to changes in Eh and pH of the soil 
(Yamane, 1973; Gotoh, 19731. Flooding of 6 
Manitoba soils caused the occurrence of a 
Mn203-Mn02 redox system for Mn, but 
organic matter chelation for Fe , the chelate 
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carrying a nagativa alactric charga (Olomu 
a t a l . , 1973). Upon reclaiming auch eoile, 
Fa-Mn oxlda concretion! wara (ormad, moitly 
in tha B nor l ion of tha arabl* toil and in the 
A horlcon o( th* foreat aoll (Orel* ikaya, 
1974). Extract! of laaf and naadla llttar de
posited on tha forait bottom of taak, bamboo, 
Eucalyptue and wild curry atanda cauaad 
downward movamant of Mn in tight aoila, but 
Mn ratantlon in coiumna of heavier lo l l 
(Hadimani at a l , , 1974), Humic, not futvir 
acid, wai ballrved to ratain Mn in cartain 
high organic mattar aolia. 

In tha presence of organic mattar, Fa and 
lulfidle compound!, tha true aattlng for a 
•wamp, tha affact of tha Eh • pH ralatlonahip 
in aoil on Mn availability bacomaa avan mora 
complicatad (Macleod, 1973). Moraovar, 
microorganlama ara actlva aoil factora, 
aepeclally at alavatad tamparaturaa (T'Engh, 
1973). Evan Mn-EDTA addad to aolutlon 
culturaa of barlay la brokan down by mlcro-
organiama naar or at tha root aurfacc, re-
•ulting In incraaaad uptaka of Mn (Barbar 
and Lee, 1974). Liming atlll la tha baat 
known pravantlon of Mn reduction (Gupta 
at a l . , 1973). 

It la poaalbla that P la aomatlmee im
plicated. Soil cutturaa of 2 daaart ahrub 
apaclaa. upon atarillaation, wara P deficient 
and droppad in ytald, poaalbly bacauaa 
aymblotlc mycorrhlaa* nacaaaary for P »b. 
aorption wara killed off. Attar natively, aa 
both Mn and Fa Incraaaad In concentration due 
to tha • teaming, P may have been precipitated 
aa an Fa or Mn aalt. Thla did not occur with 
noncalcaraoua aoll aupplled with P (Wallace 
a t a l . , 1973b). 

Planta 

Cenatlc factora rapreaantlng Al and Mn 
tolerance! In planta often ara related. Some
t ime! . Mn and Al toxicity eymptome, luch aa 
marginal chloroala (Vlamli and Wlll lami, 
1973), and purple diacoloratlon of laaf tlaaua, 
reepecttvely, develop In onn and tha aama 
spaclea grown on an acid (pH< 5.5) aoil (Foy, 
1973). Special difference! may occur. Thui, 
Atlai 66 wheat from North Carolina waa more 
tolerant to Al than waa Monon wheat from 
Indiana, but for Mn, tolarancea were revaraad 
( F o y e t a l . , 1973). Difference! in re ipome 
to e x c e l ! Mn were alao obaerved with oata 
(Brown and Jonea, 1974). 

With cotton, toxic level ! of Mn cauaed 
increaaad activities of paroxidaae and poly-
~>henoloxidaie, and decreaaad thoie of 

atalaae, aicorblc acid oxtdaae and cyto
chrome c oxldaae, while lupprening ree-
plratlon and ATP production (Slrkar and 

Amin, 1974). Lucerne auffared from Mn 
toxicity when grown not only In waterlogged 
aol l i , but alao In aoila aubjected to extended 
hot and dry apalli . In both c n e i , liming 
corrected theie limitation! (Slman at a t . , 
1974). 

Interaction of Fe and Mn may raault In 
Mn deficiency, aa haa been noted with peach 
t r i a l (Rogeri , 1973 and 1974). Tha iltuatlon 
waa remedied by apraylng the foliage with 
Mn athylanadlamlne hydroxyphanyl acetate, 

Revlewe 

Covering SSS references through 1971, 
a recent review Heals with Mn In th* eeo-
l y i t e m , plant! and aotl, air and man. 
Epidemiological, physiological and biochemi
cal effect! of Mn al io were dlacuiiad 
(National Academy of Sclencea, 1973). Iron-
Mn interaction! In alkaline aoll* with regard 
to fruit treea have been reviewed by Gllger 
(1974). 

MERCURY 

Analyil i 

Quantitative determination or Hg la dif
ficult. Thli i i due partly to the many forma 
In which the metal may occur, each requiring 
a apaciallaed analytical approach, partly to 
tha relative eaaa of both biological and non-
biological interconversion of theie forma, 
and partly to the volatility of all but a few 
compounda of Hg. 

L o u of Hg from dilute aolutlona during 
•toraga In glaaa contalnara could be pre
vented for perloda up to S montha by dla-
lolving the Hg aalt in a aolutlon conaleting of 
0.01% KjCrjC^ in 5% KNO } , and not In aolu
tlona of either one of theae compounds alone, 
11- In a H9SO4 aolutlon of KMnCu (Feldman, 
t')73). Studying tha volatility of Hg from dif
ferent aolutlona, the following order waa 
notadt iqueouisO.ln H 2SO 4>0.1N HNO3XT1M 
KIXJL1N KCI>mN cyatalna, no Hg I o n occurring 
from the laat aolutlon became of precipitation 
(Dokiya et a l . , 1974). 

The quantitative recovery of Hg from 
HgS waa attempted by treatment with aqua 
regia (Jacobi and Kaeney, 1974a). Thla la 
lomewhat aurprialng became of the known 
volatility of HgClj formed If HC1 la uaed aa 
a digesting agent. The determination of Hg 
In meat and aoil (Deltz et a l . , 1973), and In 
plant material and water (Klekena et a l . , 
1973) waa attempted with concentrated HNO3 
and H 2 SOj , and V 2Oe ** * catalyat, without 
uling condemori . The temperature wai 
carefully monitored. The temperature mult 
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exceed about 140*C after tha addition of 
H7SO4 in order to break the alkyl-Hg bond. 
This la neceaaary for tha subsequent reduc
tion of H g 2 + to Hi ' with SnCb or S n S 0 4 to 
take place. A temperature of 150* C la the 
limit above which volatillcation may occur. 
Fluorometry waa another method applied to 
determine Kg (Holsbecher and Ryan, 1973). 
The method suffers from interfarencea. 

Two attempte were aimed at Increasing 
the ssr altlvity of the determination of Inor
ganic hg . Doth are baaed on the collection 
of Hg releaiad from, or praaent in an inter
mediate (tap prior to the final reduction, In 
one method (Haraanyletal. , 1973), the Hg .•*• 
leaeed as Hg' vapor upon reduction by SnClj 
of large volume* of sample was trapped In a 
small volume of a aolutton of KMnO^ In dilute 
H2SO4, This, in turn, was reduced in a sub
sequent step. In the other method, (Olafason, 
1974), Hg* vapor obtained aa before was 
amalgamated by Au, and aubaequently re
leased by programmed heating, 

Various new methods are under develop
ment to determine monomethyt Hg. Applica
tion of pulee polarography resulted in a 2-
steo process , indicating, firat, formation of 
the CHjHg radical on the electrode surface, 
and, aecond, Ite reduction to Hg* and CH 4 . 
The flrat polarographlc wave ao caused has 
analytical capability (Heaton end Laltlnen, 
1974), Methyl.Hg determination was alao 
attempted by gas/liquid chromatography 
(Jacobe and Keeney, t974b) and by flamelees 
atomic absorption (FAA). The latter was 
performed by firat isolating it In bansene, 
from there in a cyatelne-acetate solution, 
which in turn waa reduced by hydroxyl amine 
hydrochloric acid prior to routine Hg* vapor 
development with SnClj (Glaognl and Lawrence, 
1974). Still another way to determine CHjHg + 

salts was by the mlcrowave-plaama emission 
method, aa used in an outstanding study In
volving examination of the edible portions of 
vegatablea grown In 3 soils treated with either 
HgCl2, CH»HgCl, phenyl-hg acetate or CHjHg 
dicyandtamide. Little volatilization occurred 
from the eoil, and the planta methylated only 
little Hg In accumulating it (Bache et a l . , 

The determination of total Hg by volatilisa
tion uaing the carbon rod atomiser technique 
has been further refined by instantaneous col
lection of the Hg vapor on the inner snrface of 
a poroua, gold plated atomiser tube. It la 
heated In the subsequent step of determining 
Hg by FAA (Slemer and Woodrlff, 1974). Con
sidering the many different approaches pres
ently being tried out, a round-robbin to cross 
check results obtained with the use of Hg203 
proved to be valuable (Heinonen and Suachny, 

l°74(, 

Sources 

Five sources of environmental contamina
tion with Hg have recently been emphasised. 
First , natural contamination from geothermal 
sources In New Zealand, small but continuous, 
seemed to have caused Inland waters to contain 
enough Kg ao ttiat trout contained 0,9 mg Kg 
per kg fresh weight, whit' is considered to be 
the limit for market fish (Welaburg snd Zobel, 
1973), Second, the purification of Au bearing 
ore by amalgamation of Au with Hg has caused 
Kg containing effluents to reach natural waters 
(Walter et a t , , 1971), It has caused concern 
about the acceptability lor human consumption 
of locally caught fish. 

Third, even in remote areas of t,.e Great 
Smoky Mountains National Park, burning of 
coal appeared to be an Important pollution 
source. The elimination rste from periphyton 
wa- *wice aa long for Hg as CHsHg 4 than for 
Hg aa 11g(NO})2, but five to six times faster 
than for Hg from snails and fish (Huckabee 
and Blaylock, 1973). OH alao contains Hg. 
Neutron activation analysis of 46 samples of 
crude representing Illinois' major oil pools 
and oil bearing strata all contained leas than 
40 ppb (Mast and Ruch, 19731, This is well 
below average, which la of the order of 1,000 
ppb, A round-robbin Indicated the following 
ranges of Hg concentration, in ppm, in the 
materlala mentioned: coal, " 0 2 - 2: fly ash, 
0.1 . < 18 residual fuel oil , 0.002 - 0.4; pre
mium gaaoline, 0.00B - < 0.02 (Von Lehmden 
et a l . , 1974). Nearly all Hg escapes as vapor 
in the power generation proceaa, and there are 
no known meana to prevent this (Klein and 
Russell , 1973). 

Fourth, the u«c of Hg in seeddreaalng of 
cereal gralna la sometimes considered a 
source of environmental Hg contamination, 
*• has been calculated chat for Wast Germany 
contamination due to such Hg would Increase 
the Hg content of the soil to not more than 
would be cauaed by an annual precipitation of 
500 mm, or, from 1% to 10% of the Hg natur
ally present In the top 20 cm of aoil (Lyre, 
1974). 

Fifth, aewage eludge normally containa 
Hg nuw ii» application to agricultural land 
may be the cause of Hg uptake by plant* 
grown thereon, Thua, in the metropolitan 
area of Toronto, Canada, aewage sludge from 
4 dlfc rent treatment planta varied from 8 to 
2u pp'Ti. Due to induetrlal emission, urban 
Toronto aoila already contain 600 ppb Hg, ?f 
compared to 200 ppb and 50 ppb in auburban 
and rural sections, respectively (Van Loon, 
1Q73). Experiments with barley, tomato, 
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beana, carrot and lettuce grown on fresh sew
age aludge treated toil ehawed the avnilabillty 
to plants of Hg from this aubstrate (Van Loon, 
1074). 

Flaw 

Niw data suggest that Hg in the Gre» nland 
Ire sheet la homogeneously distributed, rather 
than lncrea«es in concentration with proximity 
to the surface. It is also suggested that winds 
carrying volcanic, Hg-bearing ash from Iceland, 
rather than amissions from mora remote in
dustrial areas , are responsible for the Hg in 
Greenland Ice (Carr and Wllkniss, 1971). 

Examination of Hg In the sediments of an 
English lake revealed the possibility of Hg dif
fusion in the top 3-cm layer due to mathylatlon. 
Thie may have resulted in an upward mobility 
of Hg, which would have added to the Increase 
in Hg due to sedimentation. Sewage aludge 
eccrunteci for moat of the recent Hg in the top 
21 i m of the lake aediment (Aaton et a l . , 1973), 

A linear, eight component model (Including 
fish) was developed to deecribe the dynamic 
distribution of CH,Hg + in a pond ecosystem. 
By meana of Hg203 Introduced In a small pond, 
validation of this model waa attempted. Direct 
uptake of CH«Hg+ appeared to be proportional 
to the al/.e of the organisms, and blomaaa 
turned out to be an Important factor (Huckabae 
and Goldstein, 1974}. 

Studies on tranaformatlona of Hg have 
concentrated on both enigmatically and non-
cnxymatlcally mediated conversions, with 
omphasis on oxidation oi' Hg sulfides, and 
volatilisation of H g 2 + either as Hg* or alkyl 
MR. The kinetics of Hg very much dependa on 
the form and on eti"lrr,nmental conditlona. 
Thin, Hg' + converalon to Hg' strongly de
pends on the preaence of organic materiala 
and aerobic conditlona, It occura readily in 
sewage treatment plant effluents, and may be 
proportional to the growth of microorganiama 
therein. In one study, suspended solids re
duced volatilisation of H g " , probably by ad
sorption or complex formation. Volatilisa
tion wai also reduceH In anaerobic aystems 
where the potential of complex formation waa 
hish (Parks et al. , 1973). 

Flow of Kg in water waa atudled on the 
bants of the kinetica of some key chemical 
and photochemical reactlona. Theory indicated 
that loas of Hg* vapor or dimethyl Hg at the 
nil--water Interface can be Important, and that 
S-bonded CHjHg* species prevail in natural 
waters , although they are readily decomposed 
by sunlight to inorganic Hg (Baughman et a l . , 
l«73l. 

The capability of microorganisms to 

methylate Hg haa been linked to the presence 
of methylcobalamlncoenayme, resulting In 
both the mono- and dimethyl forma of Hg. 
Formation of the dimethyl form la conaldered 
decontamination, at least of watera, aa It 
leaves the aqueoua phase aa a vapor, The 
required association between Hg and 2 methyl 
groupa, sometimes referred to aa "aymmatrl-
satlon," is promoted by tha presence of large 
nuclaophllas, such as cyanide, iodide, or 
cnrtaln aulfur compounds. Among these, 
sulfides and bloaulfltas occur in nature, The 
preaence of materiala with surface OH groups, 
such as certain clay minerals and Mg hydrous 
oxide, also may trigger aymmetrisatton 
(Cross, 19731, 

Soils and Sediments 

With regard to Hg accumulation in sedi
ments , results of neutron activation analysis 
and flameleaa atomic absorption agree in that 
tha Hg concentration In aediment cores col
lected in the Santa Barbara baain lncreaaed 
towards the surface. I . e . with t ime, v ia , , 
In mg per kg dry welghti 0,07 In 1820-29, 
0.10 in 1880-89, 0.12 in 1950-59, and 0.17 in 
1960-69 (Young et a l . , 19731. The obaerved 
rate of Increase compares well with those 
meaaured earlier in Greenland Ice, and In 
a number of North American lakea. In sedi
ments of lake Windermere, England, the In
crease of Hg with decreaaing depth was re
lated to the time of deposition, aa follows: 
From 50-73 cm: 122 ppb (1269-520 AD): from 
30-44 cm: 286 ppb (1800-1400 AD); from 
20-26 cm: 608 ppb (1845-1870 AD); from 
0-15 cm: 1,026 ppb (1915-present) (Aaton 
et a l . , 1973). 

Analysis of core samplea taken in the 
Everglades, F l a . . and In Mobile Bay, A la , , 
revealed correlations between organic matter 
contents of sediments and sedlmental Hg con
centrat ion , and alao between Hg concentra
tions in Interstitial HjO and diaaolved C 
(Llndberg and Harris , 1974). The amount of 
Hg preaent as CHjHg* in the areaa indicated 
never exceeded 0.07% of the total Hg preaent, 
or from 80 to 600 ng Hg per g dry weight of 
material. Probably on account of sulfide 
complex formation, the concentration of Hg 
diaaolved in aediment pore water exceeded 
that In the overlying eatuarine water by a 
factor of 30. Thia type of release of Hg in 
interstitial water, followed by diffusion and 
aediment mixing, rather than methylation 
and volatilization, conatltuted the natural de
toxification mechanism in the areaa mentioned 
(Andren and Harriss, 1973). 

In the Belllngham Bay area of Washington, 
where operntions of a local chlor-alkall plant 
have been discontinued, the rate of decrease 
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of Hg In the eedlmente 1* described by a half-
life of 1.3 yeara. Sediment atudlaa indicated 
that the natural decontamination mechaniem, 
bealdea the reduction mechanisms mentioned, 
Included the upward bubbling of gases auch at 
CH4, wave induced current*) and aaalmilation 
by benthlc organism* (Bothnar and Carpentar, 
1974). In another atudy covering th* tame 
problem area (Bothner, 1973), the Hg content 
o n observed to be high and uniform In the 
• urface aedlment, auggaatlng mixing of the 
top 5 cm by biological organlima or tidal cur
rent*. A a harp decraaie to background level* 
occurred at greater depth*. A l i o , In contrast 
to Hg, th* concentration of C wa« unlforin with 
depth in the corea, hinting at a aource of C 
that wa* not alway* th* asm* a* that of Hg. 

With regard to aoila, i o m i Rhine river 
bottom land* In th* Netherlanda which are 
periodically aubject to flooding, appeared to 
have accumulated Hg to concentration* of 
from 1,4 to 10.4 ppm, aa compared to a gen
eral regional background concentration of 
0.09 ppm (Poelatra et a l , , 197)). Thla corn-
pa rea with Hg valuea of from 0,040 to 0,100 
ppm in the Eaatern V. S . , regardlea* of 
cropping *y*tem or coll type (Wltr imi and 
Tai, 1974). 

Soil accumulation of Hg generally 1* 
effected by precipitation or adaorptlon. Be-
elde* clay, oxide* especially of Mn, function 
a* Ht ecavenglng aoll component*. In th* 
pH range from 3 to II , MnO, appeared to ad-
• orb uncharged HglOHIj. In the pH interval 
from 6 to 8, the adaorption wa* of the 
Freundllch type (Lockwood and Chen, 1973). 
Theoretically, thl* adsorption could be pre
vented up to pH 10 if the concentration of CI 
were kept at the level of that In aea water. In 
• olutiona, th* preaence of CI at concentration* 
of 1.4 ppm at pH 3.7, 3.5 ppm at pH 4, and 14 
ppm at pfl 5 would suffice for all Hg*+ present 
to be In the form HgClj* , At higher pH, 
partial to complete remoblll ration of Hg 1* 
possible, depending on the concentration* of 
CI- and Hg2+ (Hihne and Kroontje, 1974). 
Interpolation of theae data to soil or aediment 
• y i t cmi 1* difficult mainly became their ad
sorption and complex formation prevail, 

Although In one inatance annual applica
tion of 2.1 kg per ha of vtrious Hg containing 
• alt* over a period of 15 year* led to a con
centration of no lea* than 455 ug Hg per kg of 
•oi l , without affecting the growth of bentgras* 
(Estes et a l . , |073), accumulation usually U 
much less on account of volatilization. Thu*, 
from 44 to 56",, of total Hg added a* a surface 
application of the fungicide Cnlocor (60*^ 
H-vCl, - 30"V HgCl 21 to turfgrass was loet in 
?f dav* (Cllmour a"nd Miller, l«731. It was 
shown to be due to reduction in the soil of Hg 

to Hg 0 , followed by volatilisation. 

Plant* 

Reduction of Hg to Hg' can be performed 
by fungi a* well a* bsctaria (Vonk and Sypeate, 
1973), Thu*, it has been observed to occur 
with a y*a*t (Drunker and Roll, 1974), Degra
dation of CHjHg compound* wa* carried out 
by 73 out of 207 different bacterial culture* 
(Spangler et a t , , 1973), Of th* 73 culture*, 
30 were aerobic, 22 facultative anaerobic, 
and 21 anaerobic, produrlng CH4 In alt r u n 
Th* production of CII4 Indicate* an inability 
of the mlrroorganiam* to u*e the *ub*tr*te 
a* »n energy tourre, although they do modify 
It enitytnatically ("com«taboH«m"), Ualng 
bacterial culture* derived from river sedi
ment*, th* dlmethylatlng efficiency wa* ob
served to be of the same order of magnitude 
at Eh - 100 mV, pH 7.4, a* It wa* at Eh 
- 250 mV, pH 8.0 (Blllen et al. , 1974). 

It stand* to reason that fungi and bacteria 
involved in theae conversions must themselves 
be r*ther immune to CHjHg compound*, With 
yeasts , this immunity ha* been related to 
either complex formation or volatilization of 
Hg by a precursor of methionine (Singh and 
Sherman, 1°74). In the same vein, bacteria 
have been observed to deactivate phenyl mer 
curic acetate (PMA). The deactivation mech
anism, shown by both live and dead bacteria, 
involved binding of PMA ions by bacterial 
proteins and amino acids having free SII group* 
(Ballcka et al. , 197 J). Selected cultures of Hg 
resistant bacteria degraded PMA, producing 
Hg" vapor and benaene. Others, not volatil
ising Hg" , may havt. used PMA metabolic*lly, 
possibly neutralising Hg by mercaptlde forma
tion with tulfhydryl compounds (Nelson et al. , 
197 3). The toxic effect on bacteria of PMA 
appeared to be greater than that of HgClj. In 
general. Hg concentrations la soil due to 
modera e use of Hg containing pesticides 
appeared not to disturb breakdown or organic 
matter, or N mineralisation (Van Eaassen, 
1973). 

Growing a variety of crops on soils con
taining an av.-ragc of 60 ppb Hg, most Hg was 
retrieved in plant parts other than the seeds. 
From the consumer's viewpoint, this reflected 
favorably on wheat, but unfavorably on flax 
and rape (Gracey and Stewart, 1974). Release 
of Hg through the stomal* of a number of vas
cular plant species (Siegel et al. , 1974) was 
indicative of an internal reduction process 
also noted uy Kothny (1973b). Fish ind chicks 
share the same capability. 

Alleviation or reversal of Hg toxicity by 
Se, common with animals, man and fish, has 
not been observed so far with plants. 
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Abatement 

Method! for the removal of Hg from con
taminated watere are often baaed on the well 
known affinity between Hg and various organic 
materiaU, such a i can be temporarily floated 
In water (Swanson et al. , 1973). Thus, Hg 
was adsorbed quantitatively from solutions by 
polyethylenlmlne treated wool fibers (Freeland 
et al. , 1974), and by amlnodeoxycelkulose type 
cotton fiber* (Snyder and Vigo, 1974). More 
physical, but not very efficient mean* In
cluded dredging, and covering with an Inert 
layer (JerneloV and Lenti, 197)), 

Reviews 

The health haaard of agriculturally com
mon forma of Hg has been emphasised in a 
paper covering 61 referencea (Voetal and 
Clarkaon, 197}). In thla connection, refer
ence ihould be made to the growing recognition 
that, like Cd, Hg may cauee hypertension. 
This would follow from experiment! in which 
low doaagea of Cd were administered to rati 
over extended periods of time (Perry and 
Erlanger, 1974), A great service has been 
rendered by Jenne and Sanders (1973) by 
making available English translations of 280 
reports, many not originally in English, that 
were cited in 5 major review articles appear
ing during the "great mercury boom" in 1970 
and 1971. Analytical methods for determining 
Hg have been reviewed in a recent book issue 
(Hartung and Dlnman, 1971), 

ZINC 

Analysis 

Use of radiofrequency energy for, first, 
the induction heating of sample containing 
graphite crucibles flushed with He, and, second, 
excitation of metal vapors in the He plasma d i s 
charging over the mouth of the crucibles, has 
been developed into a rapid atomic absorption 
method for Zn as wall as Cd (Talmi, 1974). 
Applied to soil, fly ash and animal tissue 
samples, thia approach, while not as sensitive 
as certain other flameleas techniques, is rela
tively free from interferences, and allows for 
the introduction of large aamples. 

Sources 

Near Canberra, Australia, pollution of a 
fresh water system with Zn occurred on account 
of slow dissolution ot Zn from mining residues 
containing much pyrite. The latter is chem
ically oxidised to FeSC<4, and from '.here to 
F«2(SC>4)3 by Thiobacillus ferroxidans. The 
Utter salt oxidizes ZnS to ZnSO^ which is the 
major contaminant in this area (Weatherly and 
Dawson, 197 3). 

Soils 

In pot experiments involving rice grown 
on several soi ls , floodti.g doubled the amount 
of available Zn. The uptake of Zn, however, 
increased only by a fraction of this factor 
(Tiller and Wasserman, 1973), When Zn was 
applied as ZnSO* in a mixed ferti l iser, the 
letter's granulation was an important factor 
In the rate of Zn in the soil (Koshino, 1973b). 
The fixation of Zn and Mn by clay minerals was 
the subject of a recent dissertation (Reddy, 
1974). Using Zn63, the fixation "capacity" 
was found to follow the order vermlcullte > 
mommortllonite >kaolinite (El Kadi et nl., 1972). 

In a study involving 2 soils from Texas, 
the diffusion of Zn6S, In c m z / s e c « 10-11, 
decreased from 19.9 to S.35 rs the pH in a 
silt loam was raised from 6.0 to 7.2, and from 
11.7 to 8.6 as the P content of a loam (pH 8.2) 
was increased from 0 to 240 ppm. The effect 
of pH, therefore, was considered greater than 
that of applied P on the mobility of 2l in soil 
(Melton et al. , 197 3). 

Zinc can be chelated bv organic matter of 
various types. In a s.udy involving 4 tree 
species , the water soluble and the washable, 
though insoluble, deposits collected from the 
foliage contained relatively large amounts of 
Zn. Leaching of leaves due to a rainstorm 
decreased the foliar contents of Zn in oak and 
willow from 4,000 to 1,600 and from 6,000 to 
1,700 ppm, respectively. Of the non-washable 
fraction, the larger part is actually incorpo
rated in the cuticle and cell walls. Other 
agents binding Zn are soluble chelates present 
in cell sap (Little, 1973). Ellaglc acid, with 
a lactone ring and ortho substituted OH groups, 
was identified as the Zn chelating compound in 
fresh leaf sap of barley (Comah and Davies, 
1974), Amino acids were also found to have 
chelating ability. 

Resorting to soil extraction and radioiso
tope equilibration, the "labile" pool Znand 
other Zn In soil were determined and related 
to Zn uptake by plants (Rule, 1973). 

Planta 

In general agreement with earlier work in 
Japan, but here specifically referring to re 
sults obtained on alkaline so i l s , Zn added in 
excess was found to cause chlorosis and reduc
tion in yield of rice (Wells et al . . 1973). 

Populations of the well known cover crop 
Agrostis tenuis that were tolerant with respect 
to Zn contained less Zn than nontolerant popu
lations. Nevertheless, the concentrations of 
Zn in cell wall and vacuole were higher with 
the tolerant than with the nontolerant species 
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(Mathys, 1973). 

Studies on the interactive effect of P and 
Zn on plants generally agree. With lolution 
culture! of aoybaani, where the Zn supply was 
low, an increaaa in P lupply resulted In Zn 
deficiency. Where the supply wee adequate, 
however, an Inert*•« in P mpply induced Zn 
toxicity (Wallace et al., 1971a). With solution 
cultures of bush beans, an increase in P supply 
decreased Zn uptake where Zn was present in 
low concentrations. Meanwhile, the concen
tration ratio of Zn in roots to Zn in leaves 
increased, pointing to diminished translocation. 
An Increase in P supply where Zn was ample 
resulted in Increased Zn uptake, without 
changing the Zn ratio mentioned (Wallace et 
al,, 1974). 

Similarly, from a study on corn grown on 
substrates low in Zn it appeared that Zn be-
came deficient where P was applied in heavy 
dosages, especially if the pH was raised also 
(Trier and Bergmann, 1974). Under these 
conditions, mobility of Zn Inside plants was 
strongly impaired. The uptake of Zn by rice 
from a silt loam (pH 5.3) increased only when 
P was added as normal superphosphate, and 
not when it was added either as concentrated 
superphosphate, monoammonium phosphate, 
or dlammonium phosphate (Sedberry et al., 
1973). In Neubauer type pot experiments, 
uptake of Zn65 by barley was counteracted by 
addition of P (Motsura, 1973). Application of 
780 kg P per ha over a period of IS y e a n 
decreased the content of available Zn from 
1.2 ppm to a trace, causing corn to become 
Zndefleler,'. [Yaravoi et al . , 1973). Another 
• oil culture study involving tomato, cotton, 
corn, Sudan grass , beans and lettuce yielded 
results in general agreement with the fore
going (Koukoulakis, 1973). 

Reviews 

There are no recent literature reviews 
on Zn, 

CONCLUDING REMARKS 

The following thoughts, which are offered 
to this audience of senior NSF grantees for 
their consideration, follow from a general 
acquaintance with the literature in combi
nation with this reviewer's limited personal 
experience in heavy metal research. They do 
not issue logically or directly from the fore
going review. 

i. Each case of environmental contami
nation ie< unique, requiring a specific research 
debijiu. The approach to be taken with any 
contaminated pasture system, metropolitan 

area or river estuary has to be freshly con
sidered in the light of evidence gathered, 
history examined, and resources mobilised. 
Tdere is no standard approach, although there 
may be standard techniques applicable to the 
approach eventually decided upon. 

2. It Is unwise to examine toleiance of 
plants or exchange behavior of soil with regard 
to heavy install under conditions in which those 
metals have been adjusted to high concentra
tions beyond all knnwn reality. This is be
cause the exposure of soil or plants to such 
high concentrations trlggsrs responses which 
not only may differ in degree, but also in 
kind, from responses triggered at tower con
centration levels such as occur in real life, 
Whereas It may be analytically convenient to 
operate at concentration levels high enough to 
obviate certain cumbersome pretreatmems 
necessary with lower concentrations, within 
the overall costs of an average environmental 
research project the fraction of funds thus 
saved Is usually Insignificant, while the type 
of information eventually put forth may be 
short of worthless. 

3. Even where one operates at heavy 
metal concentration levels which, though un
usually high, are not altogether out of touch 
with reality, it is well to remember that while 
acute, overwhelming contaminations are spec
tacular on account of both the damage they 
cause and the type of reporting to which they 
lend themselves, it is the chronic low-level 
type of "creeping" contamination that ultimately 
may turn out to be the more pernicious one. 
While low-level type contamination as a re
search object may consume our time and test 
our patience and ingenuity to extents far 
greater than more spectacular events would, 
the lor.g term benefits that flow forth from 
such efforts in terms of human health protec
tion, while not precisely assessable In the 
early research phases, may eventually astound 
even the timid among us. 

4. We should realise that a chain reaction 
may well be instigated under the impact of any 
on* element or compound present In excess . 
A proper understanding of the imbalance thus 
brought about compels one to consider also 
elements or compounds other than the ones 
believed to be in exces s . One can properly 
say that single element toxicities as such do 
not exist because of the interlocking multi
element nature of enzyme systems and catalytic 
processes at the cellular level. This creates 
problems, but also opens up a wider array of 
alternatives for abatement. In matters of 
understanding the functions and dysfunctions 
of biological systems, cutting corners by 
ignoring this broader aspect i s , at the least, 
synonymous to taking speculative risks. 
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5. The increasing awareness that the 
organic matrix in which heavy metali fre
quently occur in nature determine! their 
impact on biological •yetcma, •hould not 
tempt one to atudy exclusively limulation type 
systems in which those natural organic com
pound! have been replaced by unrelated syn-
thetic compound! not occurring in nature. 
Analytically convenient and academically 
Interesting a i euch compounds of known struc
ture may be. such a policy would leave un
examined the dynamic impact of heavy metals 
on, firit, the synthesis of the natural com
pound*, and second, their btodegradabillty. 
From the latter may depend the (ra)mineralt-
aetlon of heavy metal* Into pathologically 
active agent*. This hyi terest i type of con
tamination may either be the cause of the 
chronic, low level effects referred to above, 
or add to contamination of more recent date 
and push matters over the threshold character -
iaing an acute hacard. 

6. The heavy metal problems one faces 
in environmental quality preservation are 
highly complex. Their study often pertains to 
processes Ir which the slow passing of time 
ii an essential factor. There is no true sub
stitute for this factor. In the long run, this 
time input should be allowed for In full mea
sure, especially where effort* are directed 
toward! improving the long term future of the 
human milieu. Therefore, in the cuitomary 
haste to get out rapid, but not necessarily un
important, Information on preience and impact 
of heavy metali in any new situation, one 
must not neglect, for the lake of a more baiic 
understanding of the problem, to initiate also 
long-term experiments in which "true time" 
occurs as a prima variable. 

7. Finally, with but few exception*, 
analytical progress in heavy metal research 
Is strongly dependent on advances in Instru
mental technology. While the pace in this 
field has been truly impressive, the resulting 
information explosion testifying to an upsurge 
in awareness of chemicals in our environment 
should not be abused by arousing public appre
hensions a* a meani to generate fund*. By 
the same token, this new understanding should 
not be ignored to serve vested Interests, nor 
minimised below a level dictated by a balanced 
interpretation of factual measurements that 
must include control (background) data. To 
a considerable extent, the choice between 
options of this kind is a matter nothing short 
of professional ethics. 
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DEVELOPMENT OF EXPERIMENTALLY VALIDATED MODELS OF PHOTOCHEMICAL AIR POLLUTION 
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J. M. McAfee, C, Pat*, J. P, Smith, J. L. Sprung and A. M, Ulnar 

Statawlda Air Pollution Raaaarch Centar, Unlv#*t+-y" or California 
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Abatract 

If computer model* of chaalcil eranefor-
matlona In smog ara to hava raal utility In 
formulating control atrataglaa for U.S. urban 
atmoapharca, thay must b* validated againat an 
axparlnantal data baaa which la aa accurate 
and comprahenalve aa poialbl*. In thla papar 
wt daacrlba data obtalnad at our environmental-
chamber, aolar-eltimlator facility, and our pre
liminary afforta to nodal thaaa data. Prcclaa 
concentration/time profilea for 03, NO, NO2, 
HCHO, PAN, aldahydaa, katonaa and othar hydro
carbon oxyganataa hava baan obtalnad for tha 
photolyala of propylan* or n-butana with oxldaa 
of nitrogen (N0X) In air, at ambient condition! 
and concantratlona. In thaaa atudlaa conven-
tlonal air monitoring Instrumentation haa baan 
supplemented (1) by a high raaolutlon Fourier 
Infrared Interferometer Interfaced to a 120 me
ter Multiple reflection system In the evacuable 
chamber, and (2) by analyele of chamber product 
mlxturea ualng a combined gaa chroaacograph-
maaa apectrometer (GC-MS). Uae of the Fourier 
Interferometer haa permitted the detection end 
monitoring, with good time resolution, of a 
number of important emog apeclee difficult to 
monitor routinely by other methoda, Including 
formic acid, nitric and nltroue acid and alkyl 
nltratea. GC-MS analyale haa led to the detec
tion of proploneldehyde and propylene epoxide 
In the propyl*na-NOx photooxldationa. Computer 
rune directed toward modeling theae data uaing 
publlahed reaction mechanlam* and the beat rate 
conetanta currently available have ahown that 
additional rate and product data are required 
for further refinement of the modele, 

The increasing demand for urban alrahed 
modele of real applicability to the elr pollu
tion problems afflicting U.S. urban cantere a-
rlaee from the fact that uae of euch modele 
could repreaent an extremely coat effecive in
put to emission control etrategy decisions, 
land-use planning decisions, environmental Im
pact assessments and the development of predic
tive health warning systems. In generel, a 
practical alrahed model conaleta of (1) an 
amission Inventory, (2) a meteorology model, 
and (3) a kinetic mechaniem describing the pho-

Supported by NSF-RANN, Grant No. G.I.-41051 

tochanlstry of polluted atmospheres. This pa
per focuaaa on the development of experimental
ly validated median l M a (or models) of photo
chemical efflog. 

The development of computer kinetic fflech-
inlsms1"'1 haa been furthered in recant years, 
flret by the determination of accurate rate 
conatanta for an ever larger number of Impor
tant reactions, and aecondly by the recognition 
of the Importance of reactive intermediates 
othar than 0 and Oj, for example, the OH and 
HO2 radicals and of photolnltlatora othar than 
NO2 auch ae H0N0 and HCHO,3*' Unfortunately, 
the progreee made In recent yeara In the evo
lution of Increasingly aophlstlcated kinetic 
descriptions, aa well aa of more powerful com
puting methods, haa In large measure been neu
tralized by the lack of a aubatantlal body of 
appropriate experimental data against which 
auch modele could be validated.I"'.8 

The data baee required for mechanlam vali
dation coneleta of comprahenalve aata of con-
centratlor-tlme profile* for product and reac-
tant apeclee in hydrocarbon/oxldea of nitrogen 
(HC/N0x) eyatema photolyted at ambient concen-
tratlona (ppb to ppm) under carefully con
trolled and vell-characterlied conditions. Pho
tolyala experiments In large emog chambers 
hava traditionally been the aourca of the re
quired type of data.'" 1 0 However, according to 
all major modeling groups2"*'8 and in our own 
Judgment, a situation haa developed within the 
peat two yeara in which the data obtalnad In 
prevloua chamber etudlee no longer provldea an 
adequate baale for turther refinement and im
provement In computer kinetic models of photo
chemical air pollution. 

Perhapa the beet current example of the 
limitations of presently available chamber da
ta for model validation purpoaee le provided 
by the results preeented in a recant photochem
istry modeling peper by Hecht, Seinfeld end 
Dodge.3 In thle etudy they validated e gener
alised 39-atep kinetic mechanise for photochem
ical amog by comparison of the model predic
tions with concentration-time profllce obtelned 
In chamber experlmenta conducted aeven yeara 
ago.LI Although good qualitative and aetni-
quantltatlve agreement waa obtained for three 
HC/N0X systems, the possibilities for critical-
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ly tatting tha adaquacy of tha aaehanlM wtra 
llaltad by thraa factorai (1) aubatantlal un-
cartalntlaa la tha aagnltuda of llfht lntanalty 
(and hanca photolyala rataa)) (2> lack of pra-
elalon In tha aaaaurad coacantratlona of NO, 
IK>2> 0} and hydtocarbonai (3) lack of aaaaura-
M B t of all of tha othar Important epaclaa 
which appear la tha aachanlM. 

kacoaaandatlons far laprovlng tha uaaful-
naaa of data obtalnad la chaatar atudlaa hava 
baan aada by aavaral aodallaa. groupa*"*"1 and 
aoaa of tha Boat laportant arai (1) aaploylng 
vary pura aatrl* alrt (1) praelaa control and 
aaaauraaant of taaparatura and ralatlva huald-
ltyi (1) a practical aathod of elaanlng tha 
chaabari <*) accurata charaotarlaatlon of light 
tntanalty and apactral dUtrlbutloa, and (S) 
unaabtguoua and accurata analytical Mthoda In
cluding ln-altu raal tlaa analyala for highly 
raactlva apaclaa. 

A now avacuabla anvlroaaantal chaabar-
aolar alaulator and air purification faclll-
i c y12-14 (rigura 1) which addraaaaa thaaa ax-
par laantal crItarla baa baan aatabllahad at tha 
Statawlda Air Follutlon kaaaarch Cantar (SAFF.C). 
Tha avacuabla chaabar la a 205-cublc-foot, 
tharaeatatad, cylindrical vaaaal conatructad 
of Ftp Taflon-llnad alualnua with quartt and 
window." A 20-XH aolar alaulator waa da-
algnad apacIdeally for uaa with thla chaabar 
and provldaa a highly colllaatad baan with a 
apactral dUtrlbutlon that vary cloaaly aatchaa 
that of sunlight. 1 2 Supporting analytical 
aathods ara aa ahown In Flgura 1. 

Thla facility la balng anployad In a high-
ly aynarglatlc ralatlonahlp batwaan tha chamber 
and aodallng ataffa at SAFRC to ganarata a da-
FUuta 1 

ta baaa with which a sophisticated klnatlc 
aachanlM for photochaalcal air pollution can 
ba valldatad. Ona approach to obtaining cham-
bar data aultabla for nodal reflneaent and val
idation haa baan a atudy of HC/;tO„ lyatene In 
which a rapraaantatlva olafln, paraffin or «r-
onatlc coapound la uaad to atudy flrat alnjila 
HC/MOx alxture* and than binary and tartlary 
mixtures. HC and MO. concantratlona ara var-
lad .using a factorial daalgn approach auch 
that a wtda rang* of concantratlona aay ba 
atudlad with a alnlaun nuabar of runa. Results 
for a typical propana/HO. run ara ahown In 
flgura 2 (propana deleted for clarity). Such 
raaulta ara rapraaantatlva of both tha pta-
claIon and danalty of data obtalnad In our 
chaabar atudlaa. An additional laval of com
plexity aay ba lntroducad by' tha addition of 
an aldahyda to tha raactlon alxtura paralttlng 
investigation of tha rola of aldahydai aa pho
to Init la tor « In tha aachanlM. Tha affact of 
0.13 ppa of HCHO on a butana/MO,, (2.0 and 0.5 
ppa, raapactlvaly) raactlon la ahown In Flg
ura 3. 

Evan a brlaf examination of any of tha 
currant klnatlc aodale*"* lndlcataa that mod-
alara raqulra aora than Juat accurata data for 
O3, NO, NO2, FAN and hydrocarbon!. For ax-
aapla. tha 39-stap luapad paraaatar modal of 
Fliura 2 

O M j 1 1 1 1 1 1 1 

60 ISO I K 240 500 MO 4ZO 
CLAKCD THC Imwil 
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Hacht. Seinfeld, and Dodge3 pradlcta. In addi
tion to product» traditionally monitored In 
emog chambere, product! auch aa nitric and nl-
troua aclda, hydrogen paroxlda, alkyl n i tr i tes 
and nltrataa, and alkyl peroxides and hydroper
oxides. The importance of meaaurlng theae epa-
claa becomes apparent fro* the fact that for a 
given act of rate conetentf three publlahad 
mechanlaaa provide aubatautlally different pre-
dlctlona for at letat two of thaaa species, hy
drogen peroxide and nitric acid, aa shown In 
Flguree * and 5. 

Wa have begun to obtain data for aeveral 
of tha laea aaally measured producta ualng our 
Fourier InterfaroMtar long-path Infrared eye-
t e « l s In the evacuable chamber. Preliminary 
photolyale experlmente with a propane/HC^ sys
tem have reeulted In the Identification of pro
ducta auch ae acetaldehyde, formaldehyde, FAN, 
Figure * Hydrogen Peroxide Predicted 

formic acid, nitrous acid, nitric acid, and an 
alkyl (ethyl) nitrate. The almultaneoua rapid 
acen (8 aec) of the apectral region from 700 
to 3200 cm'l end high reaolutlon (0.125 cm"1) 
afforded by the Interferometer permitted good 
time reaolutlon In meeaurlng the ratea of for
mation of theae producte. Thus tlme-concen-
tretlon prof lien could be obtained ea ahown in 
Figure *. In a aaperata etudy" l f i a c t r a ob
tained for the reactiona of olefin* (ethene, 
propene, end cla-2-butane) with oaone have re
eulted In a detailed product ana lye U. Spec lea 
obeerved Include acateldehyde, formaldehyde, 
formic acid, ketene, methanol, methane, carbon 
monoxide, and water vapor aa well aa peroxy-
formlc acid and aeveral o-carbonyl hydroper
oxides. 

A eecond powerful analytical tool being 
employed in the detection of trace organic! in 
theee chamber scud lea (end In ambient air) la 
a combined gae chromatogreph-meoe epactromrter 
(CC-MS). Ualng a Chromoaorb adaorptlon tech
nique to sample from the chamber, the GC-MS 
confirmed the preeence of epeciee euch ee pro-
plonaMehyde end propene epoxide In the pro-

Fiftiire 5 Nitric Acid Predicted 

Figure 6 
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pene-N0x photooKldflHona and bucyl nitrate in 
the butane-N0x syHtara. 

W« arc currently ualng data of the type 
presented hcra for the further davelopnient >f 
currant kinetic mod all of photochemical ansa,. 
AH an example it can bf polntad out that aoma 
puhliahad machanlema2'' do not predict the for
mation of formic acid, yat wa hava observed 
aubatantlal quantitlee of this specie* In our 
propane-No* irradiation experiment* using in* 
Fourier Interferometer, and It has also now 
bean detected In ambient air." 

finally, in the course of our model de» 
velopment program we have generated concentra
tion-time proflln." for a large number of ape-
ciaa ualng three publlahed mechanlema'"" and a 
•ingle "b»'t" aet of critically evaluated rate 
conatanta (an example is ahown in figure 7). 
We find Important difference in tlieae exlet-
lng mechanlema which must be reconciled in the 
development of a more accurate and eophlatl-
cated median lam. We believe that the develop
ment of auch a model will haaten the day when 
the evaluation of, for example, emission con
trol atrategiea can be made on a computer 
rather than in amog chamber! or from hlndelght 
after further coatly experiments In our aoci-
ety Itaelf. 
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PHOTOCKEMICAI. SMOG KINETICS AND HYDROCARBON REACTIVITY 

Ronald F. Ralnlach 
NASA-Ames Research Cantar 
Moffett Field. California 84035 

Abitraot 

A datallad machanlim of photochamloal smog 
produotlon haa baan developed and oonfldanoa in 
ltt ability to almulata amog chamber obaarvatlona 
with economy and ipaad haa baan established by 
companion of numarloal pradletlona with amog 
ohambar experiments, An approach haa alao baan 
davalopad that allowa complex hydroearbon mlx-
turaa to ba traatad at a binary system. Tha re
sult! of theae lumped parameter etudlea will ba 
preaented and dleouaaed with emphaale on their 
application to automotive emlaalona, 

Introduction 

We are concerned here chiefly with the purely 
kinetic aapecta of photochemical amog formation. 
Although understanding tha mechanism of photo
chemical amog production la Important In lta own 
right, a u«C?iled mechanlem can alao provide guid
ance in the development of an Irreducible eat of 
chemical reaction! Involving the minimum number 
of apeclea needed to almulate the actual amog pro-
ceta. Thla atmulatton model becomet, In turn, an 
aaaentlal element of a multi-box air pollution modal 
preeently being developed for the Bay Area Air 
Pollution Control District. Thla air quality model, 
capable of describing tha time and apatlal distri
bution of pollutants, la crucial for tha formation of 
effective pollution control atrateglea and for 
future land use planning. 

Kinetic Modeling 

All kinetic mechanisms that have been pro
posed to describe photochemical amog production 
have the following characteristics regardleas of 
whether hydrocarbons are treated aa specific 
chemical species or aa a lumped hypothetical 
species. Basically, all kinetic mechanisms employ 
seta of chemical reaction terme In which each chem
ical species la described by a time-dependent diff
erential equation. Simultaneous solution of such 
equations ia required beceuae they are coupled with 
other equations by cvmmon non-linear reaction rate 
terms. Such jets are difficult to solve because of 
the range of time conetante inherent in the reactions. 
Implicit in theae reaction mechanisms la the treat
ment of a amog chamber experiment aa a alngla 
phaae, well-stirred system of gasss subjected to 
constant radiation flux. Tha effects of poor mixing, 

suspended particles and wall aurfacas are Ignored. 
The valuea of tha reaction rata constants are either 
measured or estimated, Tha Increase In compu
tation time that accompanies the addition of eaoh 
new special to a mechanism requires that tha 
number of special be htld to a minimum, 

The proposed detailed mechanism incorporslsa 
many reactions employed in the tropospherlc amog 
modele of Weatberg and Cohen (1), Nikl (2). and 
Hecht, Seinfeld and Dodge (3), Also included are 
relevant reactions uaed in current atratoapharlc 
models (4). Meaaured valuaa of rate constants 
sre, whenever possible, those recommended by 
the DOT-CIAP program (4) and by the NBS Chem
ical Kinetics Survey (6). 

The addition of a hydrocarbon to the irradiated 
NO-NO,-air system results In the disappearance 
of the hydrocarbon, the repld oxidation of NO to 
NO, and tha formation of oione and organic 
carbonyl compounds. In sddltlon to tha generally 
agreed upon reaction of hydrocarbons with O and 
O,, an Important process in the oxidetion of hydro
carbons ia thalr reaction with OH and HO, radicals. 
Although our mechsnlsm sssumes hydrogen ab
straction by OH and HO, to yield hydrocarbon 
radicals, the addition of OH and H0 2 to olefins or 
aromatlca would not altar the apparent lose rates 
of hydrocarbons but the product composition would 
be changed. 

Before discussing the smog chamber simulation, 
tha origlna of the OH and H0 2 radicals ahould be 
reviewed by inspection of Teble I. The ..aaoclated 
reaction rate constants for the 62 reactione are 
liated In Table II. Analysis of tha inatantaneous 
reaction ratea ahowa that reaction k_, the photo-

o 
lysis of HNO,. Is the dominant source of OH early 
In the photooxldatlon while tha photolysis of H.O., 
reaction kj . , ia important at the later stages. The 
oxidetton of RO, reaction k „ , the oxidation of HCO, 
k... and tha termolecular reaction of H+O.+M. k__, 
are the dominant sources of HO.. The reaulta of 
uaing the mechanistic scheme outlined in Table 1 are 
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described In a simulation study and In the testing 
of a hydrocarbon reactivity scale. 

Isobutene Simulation Experiments 

Tha smog chamber data used are shown In Figs. 
1 through 3. The axpsrimsntil values (1) were 
observed during operation of the SRI chamber at 
a NOj photolysis rat* of k d • 6,7 x 10"5B*C"' . The 
Initial condition* for the experiment ware: 
(l-C4H()0«2.lppm; (NOj)0«,0ppm; (NO)g«0,01ppm: 
(O3J0-0,001ppm: (CO)0>0.SlpoR>! (HjO)-5\RH; and 
T«2MK, Th* 2-hr simulation required 17 sec of 
central processing tlm* using a CDC 7600 computer, 
(Th* rat* constants sr* listed in Table It). 

Th* agr**m*nt between the kinetic model and 
the experimental result* I* quit* clos* for spsclsi 
sxcept for th* carbonyl products, acaton* and 
formaldehyde. For the** compound*, th* modal 
predict* lower levels than thoss manured In th* 
smog chamber after th* 100-min Irradiation. Thia 
discrepancy may be explained by the prajent 
model lacking secondary oxidation ateps that occur 
after the Initial attack on th* Isobuten* by 0, OH, 
HO,, and 0 , . This refinement can be incorporated 
In the preaent scheme if our underetandlng of the 
mechanism ot the oxidation of hydrocatbon Im
proves . Moreover, quantum yi*ld* of primary 
photolysis products of aldehydes aa a function of 
wavelength are not well determined and should be 
carefully measured, 

Chemistry of Complex Hydrocarbon Mixtures 

A complete chemical description of the compo
sition of automotive exhauet, jet engine amissions, 
and suck gaaea In general, would present a for
midable problem In th* large number of species 
which must be calculated by differential equation* 
in th* mechenlem, An approach currently under 
evaluation I* to treat a complex hydrocarbon mix
ture aa a binary or ternary eyatem having the 
chemical reactivity of a reference compound. 

The basic assumption In this approach ia that 
tha chemical reactivities of the varloua components 
1 , S, 3 . . .n of the hydrocarbon mixture are pro
portional to their mole fractions. Cj. Cj, Cj. . ,C n 

The criterion for defining chemical reactivity ia 
the time required for a given hydrocarbon to reach 
maximum NO, concentration. This definition gave 
reactivity indices that gave good agreement with 
indices calculated ualng tha laboratory rate con
stants for the attack of a hydrocarbon by OH 

fi 12 
(10 moleculea/cc) O, (10 moleculee/cc) end O 6 atoms (10 molecules/cc). Using propylene aa the 
reference hydrocarbon, two complementary 
definitions of a specific reactivity index are des
cribed by those relatione: 

Specific Reactivity Index, 

ri=(dN02/dt)i/(dNO /dtlpropylene 

or, In detailed kinetic form: 
k, „ <• k. 
"1,0 I,OH • i . o , 

' k < W o 4 k c 3 H 6 ' O H t k < : 3 H 6 0 3 ' 
where k, R is the rata constant for tha ettac* on 
th* i th hydrocarbon component by th* oxld nt, n, 
timesTTis concentration, Since rat* dats for nior-
action of hydrocarbon* by hydroxyl or hyd> 
paroxyl 1* available for a small numbar of com
pound*, th* formal (and mors datalltd) definition 
of r ( wss used only to check on th* relstlvr. nale 
of r ( valuee (6) obtained by tha rate ratio of 
time-to-peak for NO.. 

The reactivity of a complex mixture of h 'Iro-
carbona may be taken a* the summation dafliod as 
the proDylene-equlvalont-concentritlon, P E C : 

n 
p.B.C. «r a r , , i • I IV 

where C, is the mole fraction of the I th component 
having a specific reactivity Index of r. in an n-
componant mixture. Thia approach, assuming the 
mixture le Ideal, allows hydrocarbon mixturae to 
be treated es e single hydrocarbon spades hevlng 
th* overall chemical reactivity of propylene. 
Although the chain length la longer for olefins 
than for alkanee and aromatic*, the dominant 
reactive apeclee in cer exhauat are th* olefins. 
A complletion of reactivity Indices calculated by 
the above method ie evailable in Reference 6, 

Ae a teat of the utility of the P .E .C, approach 
for lumping hydrocarbon* In varloua fuels gave the 
following value* (P.B.C./ppm): 

Regular gasoline 0.612 
Premium gaaollne 0.S32 
Keros*ne(106-230C) 0.S7 
Car axhauat, idle 0.549* 
Cer exhauat, cruise 0.612 
Car exhauat, accel. 0.S33* 
Car exhauet, decel. 0.512* 
L.A. atmosphere. 

avg. 0.46 
Car exhauat, mod. 

comb. 0.42 
•Analysis Include* only C.-C. hydrocarbons. 

:t may be significant thst car • xhauet with 
modified combustion gives the sair P.E.C./ 
ppm value aa ambient air samples from Los 
Angelee (1965). In summary, ca: exhaust and 
fuels have a reactivity between ethylene 
(r =0.43) and butene-1 (r =0.80) 
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The rmulW of uilng the lumped hydro
carbon parameter, P.B.C., to almulate tha 
reaoUvity of butana-1, propylana, trane-2-butene. 
butedlene-1,3 and 2-mathyl-2-butana in tha 
Oanaral Motora amog ohambar ara ltatad in Tabla 
01. In thla numerical almulatlon. tha initial con-
oantratlon of aaoh hydrocarbon waa multiplied by 
lta raapaotiva roactlvity indieaa (in thia oaaa tha 
Butana-1 raaotlvlty aoala waa uaad (or programming 
oonvanianea) to glva a Butane Iqulvalant Coneon-
tration. Thaea concentration* ware uaad in tha 
tl-reaotlon aat aii ettrling valuaf and tha rata 
conatant* lor tha hydrocarbon oxidation ware tha 
butana-1 valuaa, Kaon ((mutation waa run to tha 
aama paroent raaotlon t i tha ehamber, 

Oonaldaring tha approximation made In tha 
P . IX . approach, agreement batwaan oonputad 
and experimental vaTuaa waa found for oiont pro
duction by all the olaflna. Aocapttbla agreement 
waa obtained In tha formaldehyde predictloni. 
The predicted value for PAN production waa an 
order of magnitude low in tha butane and auau-
latione and ahowad good agreement in trane-2-
butana. butadlene-1,2 and 2-methyl-2-buune altnu-
latlone, On tha baala of theaa encouraging re-
eulte, tha P.I.C. approach waa uead to annulate 
tha reactivity of hydrocarbon* found in auto *x-
hauat and tha raaotlvlty index, r., aet equal to 
unity. 

Tha next application of tha P.I.C, method wee 
e treatment of the mixture of hydrooarbone found 
in auto exhauet ae a two-component eyetem; olefin* 
and alkana* ara lumped aa butane and aromatic 
hydrocarbona ara lumped aa toluene. atnoa tha 
U.S. Bureau of Mine* had run an axtanalva aarlea 
of experiment* etudylng tha photooxldation of 
diluted automotive exhauat in tha praaanoa of known 
la vale of NO . their chamber waa ohoaan for 
realistic experimental valuea, Furthermore, the** 
tnveatlgator* compared experlmenul valuaa from 
the emog chamber to in atmoapherlo eample. The 
reeutta of the automotive exheuet almuletion ara 
ahown in Tabla IV along with the experlmenul 
and atmoapherle obaarvationi, Tha initial con
dition* in the amog chamber ware: (NO ) ."0.27 
ppm, (HC)0»3.1SppmC; (CO)0>S0 ppm; 

kg-l.SxlO^aeo end (HjO) * HUH. The 8-hr 
atmulation required IS eec of central proceaaor 
time. Rate conaiante tor butane-1 oxidation were 
uaad. 

Uaing a value of 100 for tha average molecular 
weight of hydrocarbon* in ear exhauat, and an 
average oarbon number of i,It, a concentration 
of - 1.0 ppa of nonmethano hydrooarbon* waa 
eeUmeted by the following relation: 
( H C > p p o ) . iaP J £E-Ci .LlS 

where CI 1* the average carbon number of 
exhauet hydrocarbon*. Tha 1.0 ppm of non-
mathana hydrocarbona wa* divided into an alkane-
olefln fraction, (0.S5 ppm), and an aromatic 
fraction, (0. IS ppm). By thla echama, only tha 
alkine-olefln fraction could photooxldlte to PAN 
end the aromatic hydrocarbon* would produce 
bemoylparoxynitrata*. The computed reauttt are 
complied in Tabla IV and ahow aatlafactory agree
ment among the oxidant valuaa (mainly oiona) 
obaarved In the atmoaphere and In tha smog cha,-
bar, However, the computed level* of PAN ware 
one order ot magnitude below tha atmoephertc and 
experlmenul value*. Thia partial euooeii In ttmu-
laung tha raaotlvlty of automotive exhauat indloate* 
that earn* emog products may be predicted by the 
P ,1,0. approach, Future work will be directed 
toward identifying the eoope and limitation* of tha 
P,1,C, approach, 
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TAIL* I I I . 

COMPARISON OF SMM CHAMSER RESULTS AND 
COMPUTED LEVELS OUNO THE F.C.C. CONCERT 
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TAIIE IV. 
COMPARISON Of POLLUTANT LEVELS FROM AN ATMOSPHERIC 

SAMPLE, A SM06 CHAMKR EXPERIMENT 
ANC A KINETIC MODEL 
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F I G . I . 
COMPARISON OF EXPERIMENTAL LEVELS 

OF I tOtUTENE, FORMALOEHVDE AND 
CARBON MONOXIOE WITH MODEL PREDICTIONS 
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FIG. 2. 
COMPARISON OF EXPERIMENTAL LEVELS OF ACETONE 

ANO PAN WITH MOOEL PREDICTIONS 
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FIG. 1. 
COMPARISON OF EXPERIMENTAL LEVELS OF OZONE 

ANO N O , WITH MODEL PREDICTIONS 
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UPTAKE OF TETRAETHYL LEAD VAPOR BY ATMOSPHERIC DUST COMPONENTS* 

. W. Edwards «nd R. J. Rostnvold 
Colorado Stat* Un1vtrslty 

Fort Col K m , Colorado 80521 

Abttract 
Exposure of simulated atmospheric dutt 

components to air streams doptd with tetra-
ethyl lud (TEL), both In tha presence and 
abttnct of water vapor, results tn uptaka of 
ltad by tha sol Ids. On a specific lurfaca 
•rat basis, tha ordar of Increasing amount of 
ltad taktn up by tha substrates for Identical 
ltad exposures 1t at follows: illlcon dlox-
Idt < aluminum oxIda < carbon black < graphl-
tlztd carbon black. Sorbtd load la only vtry 
slowly removed upon aging. A major tfftct of 
aging txpoitd samples 1« to convtrt a substan
tial portion of tha sorbtd ltad compounds Into 
sptclts which art not removed with n-hexane 
txtractlon or moderate htatlng. Tht Impli
cations art as follows: (1) sorption of organ
ic Itad compounds on atmosphtrfc dust compon
ents may rtprtstnt a significant scavtnging 
mtchanlsm, and (2) atmosphtrlc partlculatts 
may strvt as substrata* for conversion of 
sorbtd organic Itad to Inorganic ltad com
pounds, 

Introduction 
Considerable attention has recently been 

focused upon Identifying tht chemical forms 
of Itad In tht atmosphere. In addition to tht 
extent of atmospheric contamination by Itad. 
Recent reports Indicate that a significant 
and highly variable portion of tht total at
mosphtrlc ltad burden may escape collection 
using high-volume air samplers with conven
tional filters1'2.'.'•. Some of tht lead 
passing through these filters consists of gas
eous organic itad compounds5'*. There Is also 
evidence to support tht /lew that vtry fine 
lead-containing particles In certain size 
ranges may also pass through many filters7. 
Because the escape of a substantial portion 
of atmospheric lead through conventional fil
ters products major errors In computing human 
exposures, there Is an urgent need to define 
the chemical as well as physical forms of lead 

*Th1s research was supported by the National 
Science Foundation through tht Research App-
1 led to National Needs program on Environmen
tal Systems and Resources, Grant GI-44423. 

present 1n the atmosphere. This Information 
can be used to Identify sampling methodologies 
by means of which tht total atmospheric lead 
content and Its components can be routinely 
and reliably metsurtd, A second major conctrn 
1s that tht biological retention and toxicity 
of tht various chemical and physical forms of 
ttad In tht atmosphere may be quite different, 

This report deals with the possibility of 
a third form of lead which may occur in the 
atmosphere: organic lead compounds sorbed on 
atmospheric dust particles. The experiments 
described were serried out to characterize 
Interactions between tetraethyl ttad vapor and 
atmosphtrlc dust components 1n terms of speci
ficity, extent, and stability. 

Materials 
The following four solids In finely divi

ded form were selected as simulated atmosphtr
lc duft components: Alon (AljOj), Cabosil 
(S10 2), Thtrmex (carbon black), and Graphon 
(graphUiztd carbon black). SIO2, Al ,0 j , and 
carbonaceous carbon art all known to Be major 
components of atmosphtrlc particulates In 
polluted areas*. Table 1 presents relevant 
specific surface area and lead content data. 

TABLE 1. 
Properties of Simulated Duet Component* 

Sample Pb Content i (est) 

Alon 0.27 ppa 87.4 
Caboill O.SS 195 
Thenuui 0.2S 8.4 
Crephon 6.0 87.4 

2 / t 0.017 M 
0.012 
0.36 
0.030 

Mean particle diameters were estimated on the 
basis of the specific surface ana measure
ments, bulk density data, and the assumption 
of spherical geometry. Submicron sizes are 
characteristic of suspended particulate matter 
tn urban atmospheres'. Moreover, the smaller 
submicron particles »r» typically enriched in 
lead, relative to the concentration o< •. • i 
found associated with larger submlcrr. v: 
c i t s " . 



Samples of tetraethyl lead (TEL) were ob
tained from the Ethyl Corporation and were 
found to contain 1.06 9 Pb per ml. Filters 
were 47 nm Type A glass fiber filters obtained 
from the Getman Co. 

Apparatus 
The apparatus depicted In Figure 1 was 

constructed for exposing simulated dust com
ponent samples to air streams doped with TEL, 
both In the presence and absence of water vap
or. Solid samples were applied with a spatula 
to the mounted 47 mm filters. Air flow was 
maintained during application of the solid, 
Sufficient solid was added In each ease to 
provide a thin, visually uniform coating. 

n o . 1. Apparatus for Exposing Atmoapharlc Duiti to TEL Vapor 
The actual uniformity of solid distribution 
was checked by determining the mass of solid 
found 1n each half of a split filter. In a 
typical case of five such comparative weigh
ings, the amounts of solid applied to each 
half of a given filter agreed, on the average, 
within 21. Major 1nhomogen1et1es in the den
sity of the solid applied to the filters were 
not detected. The amount applied varied over 
the approximate range of 0.02 to 0.15 g with 
lesser amounts used for the higher specific 
surface area solids. The prefliter was loaded 
with a 47 mm Gelman Type A glass fiber filter; 
the purpose of the prefllter 1s to prevent 
carryover of drying agent (Orlerite) and poss
ible effects by particulate matter already 
present 1n the atmosphere. 

Procedure 
A mechanical vacuum pump was employed to 

draw laboratory air through the apparatus at 
the constant flow rate of 5.95 l/m1n for a 
period of 30 m1n for each 0.11 ml dose of TEL. 
TEL volatilization was normally complete in 
20-25 minutes. A calibrated pipet was used to 
transfer each TEL dose to the implnger. Single 
TEL doses were employed In all cases with the 
exception of the samples prepared for the hex-
ane extraction experiments where two TEL doses 
were used. Blanks were determined by exposing 
filters to Identical TEL dosing conditions. 

For dry air, the average amount of lead taken 
up by the filter alone In 16 determinations 1s 
63.0 ug with a standard deviation of 12.6 ug. 
Tor undried air, the average amount of lead 
taken up by the filter alone In 12 determinat
ions is 42.5 ug with a standard deviation of 
15.9 119. The mean blanks tre statistically 
distinguishable at the 99.5% confidence level, 
as determined by application of the student t 
test. Blank corrections have been applied to 
all lead uptake data. 

Analysis for lead Is by AAS (n accordance 
with procedures reported by Skoqerboe1''7, Tot
al lead determinations were carried out by 
analyzing the solution obtained (Vom the ex
traction with 26 ml 3M HNO). Determinations 
for organic lead were made by analyzing solu
tions obtained from extraction with 10 ml 
n-CjHii,. 

Results 
Results of experiments to determine wheth

er significant lead uptake occurs when simulat
ed atmospheric dust components are exposed to 
TEL vapor 1n dry air are presented in Table 2. 

TABLE II. Pb Uptake by Duat Compontnta 
froa TEL-Dopad Dry Air 

Sample Pb Found X Monolayer (eat) 
Caboall 63.6 vt/m2 6.7 
Alon 192 20 
Thcraax 288 31 
Craphon 122 36 

Fractional monolayer coverage was estimated In 
each case on tne basis of BET-N2 specific surface area data and the Pb(C 2H 5) 1 < molecular cross-sectional area computed from liquid den
sity data and the assumption of spherical mo
lecular geometry. Using the handbook 1 1 TEL 
liquid density value of 1.66 g/cm* yields an 
estimated TEL molecular cross sectional area 
of S7xl0' l ( cm 2. A distinction can therefore 
be made among the four solids in terms of the 
degree of lead uptake on a specific surface 
area basis. The order of Increasing lead up
take is as follows: Cabosll < Alon < Thermax 
< Graphon. In terms of fractional monolayer 
coverage by sorbed TEL, the range of values Is 
6.7 - 34% for Cabosll and Grapion, respective
ly. On a per unit mass basis, the percentages 
of lead taken up by the four solids t r t as 
follows: Cabosll, 0.34*; Alon, 1.2%; Thermax, 
0.64%; Graphon, 0.32*. Because lead uptake in 
these experiments is very likely a surface 
phenomenon, comparisons between solids are 
judged more meaningful on a per unit surface 
area basis than on a per unit mass basis. 
Nevertheless, the mass percentage data compare 



closely with those that can be computed for 
the composition of actual atmospheric partlcu-
1«te nutter. 

The effect of water vapor on Pb uptake by 
three simulated dust components was explored 
by comparing the data above with values obtain
ed using undried laboratory air. For the 
blank glass fiber filter, Alon, and Thermx, 
the data presented in Table 3 suggest that the 
presence of water vapor may suppress lead up
take. 
TA1LP. III. Effect of Water Vapor on Pb Uptake 

rt> v? ».t 
Sample Dry Air Lab Atr % Chant* 
•lank 63.0 Ml 42.3 U| - 31 
Caboall 63.6 u|7m! II.1 Vt/*1 • 31 
Alon 192 Ul/«J 1*6 M|/m2 - 24 
Th>»r»ax 2(8 u|/»* 2*7 W|/« J - U 

On the other hand, the presence of water vapor 
apparently enhances lead uptake by CabotII, a 
known deslccant. Thus 1t 1s h1,,.ly likely 
that exposure of Cabot 11 to water vapor re
sults In a surface that 1s quite different In 
nature and extent than the original surface. 
This possibility makes use of the original BET 
specific surface area of Cabot 11 questionable 
with respect to computing lead coverage values 
in the presence of water vapor. In terms of 
surface composition, decrease! 1n lead uptake 
due to the presence of water vapor can be 
understood In terms of the blocking by water 
molecules of the higher energy sites upon 
which TEL sorption can occur. Here, the ef
fect of water vapor would be to decrease the 
effective surface area with respect to TEL 
sorption. 

The effect of aging samples exposed to 
TEL-doped dry air was Investigated to deter
mine the kinetic stability of lead taken up by 
the simulated atmospheric dust components. A 
series of samples of Graphon and Alon, respect
ively, was identically exposed to TEL. Indiv
idual samples were placed in covered, but un
sealed Petri dishes for storage in the labora
tory. At various time Intervals, individual 
filters were analyzed for lead. The results 
are shown in Figure 2. The deta do not obey 
simple first-order kinetics. According to 
Langmuir theory, the rate of dosorption should 
be proportional to the amount sorted'2. While 
the amount of lead remaining, does decrease 
exponentially with time during the first two 
or three days, the rate of disappearance of 
lead becomes virtually constant thereafter. 
The present data represent the results of pre
liminary experiments and are therefore judged 
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FIG, 2. Effect of A|ln( on Lead Retained by 
Duit Components txpoeed to TEL Vapor 

insufficient for development of a detailed 
mechanistic picture. Nevertheless, 1t does 
seem clear that the observed lead lost with 
time may not be the result of a tingle deple
tion mechanism alone. It Is possible that the 
present observations reflect a composite of 
several processes. Two processes that come to 
mind immediately t r t as follows: desorption of 
TEL, and chemical conversion of sorbed TEL to 
nonvolatile lead-containing products. The ana
lytical procedure employed for these samples 
yields only the total amount of lead remaining 
as a function of time and does not permit a 
distinction between the various chemical forms 
of lead. 

In an attempt to explore the possibility 
of conversion of sorbed TEL to nonvolatile 
lead-containing compounds, samples of dust com
ponents were baked at 90 C for 10 hours follow
ing exposure to dry air doped with TEL. The 
results are presented in Table 4 and indicate 
that sorted lead is only partially removed 
under these conditions. Although this temper
ature 1s well below the decomposition temper
ature of TEL (200°C), the possibility that 
heating accelerates reactions that occur only 
very slowly under ambient conditions must be 
considered. 
TABLE IV. Effect of Bikini for 10 Hour* at 90°C 

Pb Uptake 
Sample Before After X Change 
Caboall 63.6 M t > 2 54.9 u (/a 2 -14 
Alon 192 165 -14 
Thermal! 288 131 -55 
Graphon 322 305 -5.2 

A further attempt to distinguish between the 
forms of lead found on Thermex was made by 
means of an extraction with n-hexane. Thermax 



wis selected on the basis of the above data 
Indicating a greater fractional Itad loss dur
ing baking. Tht exposed sample was halved, 
and the first half was analyzed for total lead 
content. The second half was extracted with 
an aliquot of n-hexane with gentle warming. 
Both the n-hexane extract and the residue were 
then analyzed for lead. The results In Table 
5 are In qualitative agreement with those of 
the baking experiments and thus are consistent 
with tht, possibility that aging may convert a 
portion of the sorted TEL Into nonvolatile 
lead compounds which are not extracted Into 
the organic phase. 

TABU V. Total and Haune-Ixttectablt rb 
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Discussion 
The results of these preliminary labora

tory simulation experiments support the view 
that atmospheric dust components can sorb TEL 
from air , both In the presence and absence of 
moisture. I f this process occurs 1n the at
mosphere, the possibility of * third form of 
lead. In addition to organic lead vapor and 
Inorganic lead particulate, must be considered. 
These results also Indicate that lead taken up 
by the solids can exist In more than one chem
ical form, one of which I t readily removed by 
heating or extraction with n-hexane, and the 
other of which 1s much more tightly held. The 
possibility that aging may convert sorted TEL 
to other chemical forms of lead 1s suggested 
In Figure 3. 

Organic Lead 
^ ^ Sorbed On a> Removal 

_ ^ > ^ Du»t» 

Organic 
lead 
Vapor ^ , , 

^ " ^ Inorganic 
Lead m Removal 
Particulate 

FIG. 3 . 

In considering these possibilities. It 1s 
useful to estimate the quantity of sorbed lead 
that might occur under atmospheric conditions. 
If one considers an atmospheric dust concen
tration of 100 ug/mJ of 0.2 u diameter parti
cles with a bulk density of 3 g/cm', the par

ticulate surface area per m 3 of air Is approx
imately 10 cm 2, assuming spherical particle 
geometry and a roughness factor of unity. Non-
spherical particle geometry end roughness fact
ors greater than unity would make this quantity 
considerably larger. For 30* monolayer cover
age by sorbed TEL, the quantity of sorbed TEL 
per n3 of air would be approximately 0.3 no. 
The potential contribution of lead sorbed on 
atmospheric dusts to the total lead burden 
therefore cannot be ignored. 

Additional experiments ir* In progress to 
further define the possible role of gas-parti
cle Interactions In removfno organic lead vap
or from the atmosphere. This Information Is 
needed to Identify and correct r„nlb1t deficiencies of various sampling techniques for de
termining the total atmospheric lead burden, 
In addition to the various forms of lead 1n the 
atmosphere, Moreover, some of the rather wide 
variations 1n reported atmospheric organic lead 
values'"" may be understandable 1rt part In 
terms of a partitioning of organic lead vapor 
between the solid and gas phases, a process 
which may be profoundly Influenced by atmos
pheric conditions, 1n addition to the presence 
or absence of other pollutants. 
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THI COUIOTIOM errtctiMcv or AN IUCTIIORATIC PRECIPITATOR 
Mil TMCI HRAU ROM AM OKN HEARTH MRKAM 

r. Faure, k.I. Jaeko, and R. gqulrae 
Purdu* unlverelty 

West Lafayette, Indiana 47907 

•alssloa taita la June 1174 both upstream 
aad downstream of an alaatreitatle precip
itator seatrelllag a battery of aavan epaa 
hearth furaasee reeulted la aa average 
pertteulste eelleetlen efficiency af »7.7 ' 
percent far chraa a|aMUaaaoua asmple aata. 
gpeelfle afflalaaay taat* vara alao parforaad 
eUailtaaeoualy with Aadaraaa f taetloaetlng 
eaapllng davlaaa aad ladlssted aa apparant 
minimum collection efficiency at tha 4-
nlsroa aarodyasmtsally alaad partUla renge. 
Tha afflalaaay decrement at 4 microns la 
primarily dita to traaafonatlon of pattlola 
alaaa within tha aleetroststlc preelplcetor. 
Agglomeration of tha 1-aloroa portleles te 
an affaetlva 4-mleroa alaa la poatulatad ai 
tha prlmery raaaoa for tha paaudo efficiency 
decrement at 4 microns. Avaraga partleulata 
concentration upetrecn aad downstream of the 
praelpltator waa found to ba 0.349 grain*/ 
•or and 0.0M gralaa/ICF reepeetlvely. 
Total partleulata msss oalMlon rataa vara 
observed to vary ba twain IS and 94 lb/hr and 
raaultad In ealaulatad emission faetora of 
0.16 and 0.4( Ib-partteulata par ton of ataal 
produoad. Tha mass madlen disaster of th* 
partlalaa antarlng tha praelpltator wee 
found to ba 1.36 microns for an avaraga of 1 
runa, with the mass median diameter leaving, 
1.0 mlerone. 

IMTaCOUOTIQM 

Inlsolon taata ware conducted In June 
1974 on tha upstream and dewnetvaon aldea of 
en jpaa hearth eleetroetatle precipitator. 
Maud on three eata of alaultaneoue aanplee, 
overall partleulete collection efficiency 
wae found to be 97.71. 

•pacific efficiency teata ware eleo 
performed with Aadarean lnertlel particle 
alalng heeds< The moee median eerodynealc 
dlenetar of the particulate waa 1.56 micron 
Into the precipitator end 1.00 aleron et the 
exheuat eteek. Ipeclfls efficiency reeulte 
ehowad e minimum et the 4 micron alae, 
apparently due to treneforaatton of particle 

alia within tha alectroatatlo precipitator. 
Aggloaaratlon of email partleulata into tha 
4 micron range la poatulatad aa tha prlnary 
raaton for tha apparant efficiency •Inlmun. 

Avaraga part'oulete ooneentratton up-
•treea and downstream of tha precipitator 
waa found to ba 0.349 gralne/icr and 0.006 
gralna/icr, respectively. Total naaa amlatlon 
rataa ware obaarved to vary between 39 and 94 
Ib/hr with eerreapond to emission factora of 
0.16 to 0.46 lb/partleulate per ton of atael 
produced. 

FACILITY DESCRIPTION 
Open Hearth Proeeaa and Facilities 

The beale open hearth process dapenda on 
a baelc, oxidising eleg for oxldetlon of such 
Ismurltlos aa carbon, phosphorus, silicon, 
and sulphur. The sequence of evente In e 
"hast" (cycle) In the hot aietel practice used 
during the teeta la aa follows: 
1. In tha charging and neltlng period, scrap, 
limestone, end possibly aome ore sre charged 
to and salted In the open hearth furnace. 
2. Moor the end of the meltdown p.rlod, 
chunks of limestone float up to tha clag, 
while releasing C02 oeeordlng to the reectlon 
CoCOs*»CeO + CO?. Thla period la celled the 
lima boll. 
3. eomatlme efter the Usui boll, the hot 
metal (up to 7SX of the total metallic charge) 
le edded. Hot metal Is high In cerbon, ao a 
violent reaction accompanies hot metal 
addition, aa carbon la oxldleed by the alag 
and CO la raleeeed. 
4. During the refining period. Impurities 
are oxidised end dissolved In the sleg. 
Oxygen le occasionally "blown" Into the beth 
during this period, vie a Jet celled e 
"lease". The purpose of blowing oxygen la 
rapid oxldetlon of carbon, end relelng the 
beth temperature to a level auttable for 
"tapping". 
3. When the beth has been sufficiently 
refined, end the temperature le high enough, 



tl 

tha aaeal la poured (tapped) froa tha open 
haarth furnace. 

Throughout tha haat, fleas caaaa alter
nately froa two aldaa of tha fumaea, froa 
two oil and/or gaa bunara and conatantly 
froa a single burner In tha oantar of tha 
roof. Whan ona and burner ahuta off, tha 
othar tuna on, and tha draft ehantaa 
dlraotton MOO, Tha purpost of thla periodic 
"draft ravaraal" It to heap tha ahaekar 
ratanaratora on althar alia of tha furnaea 
at a taaperatuta aultabla for preheating 
Incoming air and for eoollng exit gaeee 
bafora thay enter tha precipitator. Tha 
draft ravaraal cycle It dataralnad by a 
tlaar, aaiwally aat by an oparator. There 
ara aavan opan haarth furnaaaa In tha ahop, 
all of «hlah ara aarvad by tha aaaa electro-
atatle precipitator, amufaeturad by Joy-
Western Precipitation Dlvlaton. 

bit gaaea froa all aavao opan haatth 
furnaoaa paaa through a elngla al*lng ahaabar 
bafora entering tha tan precipitator eheaboro. 
Viia gases than proeaad through loduead draft 
fana and ara dlaehargad via a 22 foot 
dlaaatar ataek at an alavatlon of U l faat 
abova grada. 

Saapllng Loeatlona 
In ordar to dataralna ovarall and specific 

collaetlon afflelanoy aoroaa tha opan haarth 
praclpltator, existing aaapllng porta at tha 
exhaust ataek ware utad In addition to porta 
which wara tnatallad according to •pacific 
C M guideline! at tha nixing ehaabar up-
•tree* of tha precipitator. Refer to Figure 
1 16 and 24 eaapltng polste war* uaad In the 

IS? outlet and atxlng ehaaber raapacttvely. The 
U travaraa Tolnta wara aelactad on ona ataek 
disaster and yielded a relatively flet velocity 
profile ea aaan In Figure 1. 

Upatraaa pmclpttaeor aaaplaa wara taken 
et the alx eheeber, refer to Figure 2, 
which coablnaa the flue gaaea froa all aeven 
open haarth furnaeaa and faada the* to the 
precipitator. The purpose of the ehaabar la 
to provide adequate atxlng of the Individual 
furnace geeee and particulates ao that a 
hoaogeneouo atreaa la praaented to tha 
praclpltator. Thla diminishes the variations 
of particulate resistivity and gas teaper-
atura which la Important to reliable 
praclpltator operation and optlaua collection 
efficiency. The a U ehaabar faada the 
precipitator via ten ducts and transitions, 
two of which ara take-offs et the top of 
the alx chenber. Each of these take-off dueta 

Figure 1. Cod Ilevatlon of gleetroststlc 
Precipitator (ulUlag. 

Figure 2. Velocity Prof11a For Open Hearth 
Hearth llaetroatatle Precipitator 



have aa »• x 7' eroaa (action and vara ehuan 
aa tha wpetreaa eaapllag Ueatlon. Tha 
saapliag etrategy aaauaee a haacgansous mixture 
of gaeee and MKlculatM ac tha alx theater, 
thereby yielding repreeaatatlve particulate 
eoneentratle* valwee at CM precipitator lalat. 
Tha MB* partteulete aoMontratlea la Meuaed 
entering all taa precipitator ehasaara. Tha 
particulate Mt eelleeted than peat Into tha 
exhauat tuck, whan all tea Individual 
precipitator ahosairt eoavarge lata m ttree*. 
Tha tatal Mtf flaw af ( M M It than determined 
at tha eutlet atsek. I* thlt way preslpltetor 
tftltleaty aa* ha eeaauted tlnaa tatal M M 
flaw rata *( particulates entering and laavlni 
tha precipitator tan ba eeaputed. 

Tabla 2. Overall Open Hearth Collection 
Ifftcleaoy. 

Run Nuabar tfflelaney, 7. 

t 96.S 
3 98.9 
4 97.5 
Average 97.7 

•alula* rattan 
Results of tha (rata lotting taitt and 

Inalutlen af an flaw n t t t tat process data 
resulted la tha traaa Mtal ealsslon faetora 
In Tabla 1. Tha t i n t aaaplee at aaeh 
loeatlsn war* praltalury TUM, and It thould 
ba Mtad that thay ara Mt aUultanaoua. 
RUM 2 , 1 , and 4 ara elawltaaeoue at tha mix 
chaaber aad exhauat atMk. Tabla 1. alto 
preaeats tha aaltalM factors for total 
particulate. Tha average of four taata wae 
0.10 lb-part./ton of ataal producad with a 
range of 0.16 to 0.44. Thaaa valuaa coapara 
to 0.35 publlahad In AP-42.1 

Collactlon cfflclancy 

Tabla 2. eontalM tha ovarall collactlon 
efficiency for tMt runa 2, 3, and 4. Tha 
avaraga valua wae 97. A. 

Tabla 1. Traea Matal talesIon Faetora for an 
Electrostatic Precipitator Controllad opan 
ttaarth Funuwai Juna 4, 11, 12, 1974. (Lb. 
Matal RaltalWToa StMl Produead) 

Rua# Cd 
xlO* 

Fb 
K103 

Zn 
xlO* xlO* 

Fa 
XlO 2 

Nl 
xlO* 

Total 
Part. 

1 3.6 6.3 3.0 6.3 — 8.0 0.29 
2 1.1 7.9 3.4 3.9 1.2 1.1 0.46 
3 1.2 3.6 1.9 4.0 5.9 10.9 O.Io 
4 .61 3.8 2.8 6.4 .89 1.6 0.28 
Avg. 1.7 5.5 3.3 5.7 2.7 5.5 0.30 

Fartlcla alia distribution waa alto deter-
•Inad during aach of thaaa testa and tha 
raaulta ara ahown In Flgura 
Tha mix chaaber exhibited a 1.56 micron man 
median dtaMtar and tha exhaust ataek lndl-
oatad 1.0 Micron. Traca matali wara than 
determined for aaeh ataga of tha Andersen 
both up and downstream of tha precipitator. 
The resulting total parttculata fractional 
efficiency eurvea ahown In Flgura 
Indicated a aarked depression et approximately 
4 microns. The teeta on 6/11 and 6/12/74 
show s minimum collactlon efficiency of 82 
and 96% respectively. This narked decline 
In efficiency la such greater rhan that 
reported In tha literature. McCain at el, 
Indicate e fractional efficiency depression 
at 4 ailerons, however, tha fractional 
efficiency at tha dapraaalon waa 99,4%, a 
such greater valua than Matured In this work. 
Tha aaxlaua efficiency reported by MoCaln 
waa 99.1% at 1.0 alcron. 

The traea aetal fractional efficiency 
characteristic curve for the taat on 6/12/74 
la ahown In Flgura . Note that the 
depression In collactlon efficiency reaches 
a as*)— at 4 ateroM and that tha cadalun 
species exhibits the grestast dapreaalon. 
Flgura la typical of taata on 6/11 and 
6/13M. 

Tha collection efficiency alnlaua near 
4 alcron particle ales la In agreeMnt 
tilth a study of the affect of particle 
alM a* Migration velocity by Henrleh' 
Marian discovered a minimum In algratlon 
velocity near 4 alcron particle alaae, and 
euggeeted that tha alnlaua could have been 
caueed by an Interaction between two eeparate 
algratlon aechanleas. A reaeonebls pair of 
algraclon aechenleae would ba electrics! 
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drift and turbulmt dlffualon. Electrical 
drift la Boat efficient la aovtni lira. 
partlclaa; turbulmt diffusion haa tha areetaat 
affaot on mall partlclaa. tha eua of thaaa 
two offecta could vary wall produce a alalaua 
In tha alftatloo velocity aad eubaeeuently In 
tha collection efficiency. 

Examination of tha total partloulata 
concentration aa a function of particla alia 
Indleatad that an agglomeration aaehaalea would 
account for tha efficient? daaroaoat at 4 
aterene. Upetreea of the praelpltator In tha 
ate chanter a relatively blah oaaeentratlon of 
eubnloron aatarlal D M found • At 4 ateront, 
a definite leek of 4 ateron partlelea was 
fouad. Tha 4 ataron partlele eonoontraclon 
vat tha loveat aaaeured aa aaaparad to tha 
other alia tenge*- Hawavar, after tha 
precipitator tha 4 alarm ilia aonaantratlon 
exhibited a definite relative Ineraaaa. 
Traneforaatton of eubaleron aatartal through 
tha aaehantaa of agglomeration would produce 
an apparent collection efficiency decrement 
at tha new troneforaad alia ranee. The 
precipitator would In effect be creating 
partlelea In tha 4 micron alia range and the 
collection efficiency would appaer to decline 
at tliet point. 

_l_ _l_ a_i_ ' •-•''' •• 

MNtttMIC tlMlftt , HKtMi 
Figure 4. Total Fartlclate Fractional 

Efficiency. 
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». 

I * I I * II H « II II ri H H R. II II 
III till Lt» TMU 

Figure 3. Fartlcia Sine DietrlbutIon of Open 
Hearth Fuaa Before end After 
Freeipltetor. 
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figure S. Trece Hetel Fractional Ifflclcncy. 
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PHYSICAL AND CHEMICAL CHARACTERIZATION OF SELENIUM 
IN COAL FIRED STEAM PLANT EMISSIONS1 

A. U. Andren, V. Ta lml , 2 D. H. K l t l n , ' and N. E. Bolton' 
Environmental Sciences D i v i s i on 
Oak Ridge National Laboratory' 
Oak Ridge, Ttnntsstt 37830 

ABSTRACT 

Stltnlum wit mtnurtd 1n coil, slag, and 
flutgii «t tht AUtn Stttm Plant 1n Htmphli, 
Ttnntiitt. ApprOKlmttly 0.3% of tht coil-
dtrlvtd illinium wit Incorpontid Into ilig, 
Sixty tight ptrctnt of tht St wit found on 
tht fly ith pirtlcttl whllt tht rtit wit found 
In tht vipor phut. S1nct tht tltctrostitlc 
prtdpltitort it tht plint irt vtry tfflcltnt 
for fly tin removal, 93% of tht tmltttd St 
tKltttd In tht vipor phut, Tht major pirt 
of St dltchtrgt from tht steam plint occurt 
vli fly ish removal to nttrby slag ponds. 
All of tht seltnlum In tht slag ind flut gis 
exists is elemental St ind Is thus not 1ntne-
dlittly ivilliblt for plint uptake. Stltnlum 
mission ntts from diti collected it tht 
stew plint wtrt ustd to cilculitt tht minimum 
mobilization of St from coil consumption 1n 
the U.S. and world. Calculations Indicate 
that 1.5 to 2.5 times as much Se 1s mobilized 
by man through coal burning as by natural 
weathering. 

INTRODUCTION 
Uslnn literature data, Bertlne and 

Goldberg (1971) have postulated that the 

'This work was supported by the National 
Science Foundation - RAM Environmental 
Aspects of Trace Contaminants Program inder 
NSF Interagency Agreement AG-389 with the 
U.S. Atomic Energy Commission. 
'Analytical Chemistry Division, Oak Ridge 
National Laboratory. 
'Present Address: Hope College, Holland 
Michigan. 
"Industrial Hygiene Department, 'ak Ridge 
National Laboratory, 
'Operated by Union Carbide Corporation for 
the U.S. Atomic Energy Commission - Contract 
Number W-7405-enq-26. 

combustion of fossil futli may mobilize sev
ere' > t elements at ratts which approach 
netu'd weathering proctitis. In an tffort 
to better undtrttmd tht mtchinttmi rttpon-
ilble ror thli mobilization ttvtnt fnvtttl-
qitor hive studied tht partitioning of tnct 
•ler <tt within coil ft red steam plants 
(EH tngs et el., l»73i Kilb »ni fltldtck, 
197., Kaiklnen ind Jordan, 1973; Bolton et 
al . 1973} Natvseh tt al., 1974t and Klein 
et al,, 1974). Results from these 1nvtttlga-
t jns show that many elements are preferen
tially Incorporated 1n slag and fly ash or 
•e emitted 1n the vapor phase. Calculations 
jf trace element emissions thus need to 
consider these processes so that more real
istic predictions of emissions can be made. 
In addition, the chemical and physical form 
of these emissions need to be determined so 
that possible health hazards can be evaluated, 

Bolton et al. (1973) have previously 
demonstrated that a complete mass balance of 
selenium cannot be achieved by measuring only 
the solid phases of tht material flow 1n a 
coal flred-steam plant. This paper describes 
methods used to sample selenium 1n coal, 
slag, fly ash, and the vapor phase In the 
emissions of the T. A. Allen Steam Plant In 
Memphis, Tennessee. In addition, the chemi
cal state of selenium was determined for each 
phase to better understand biological and 
geochtmlcal Implications of these emissions. 

EXPERIMENTAL PROCEDURES 
Plant description- The plant uses cyclone-fed 
boilers. Normal coal consumption at 290 MM 
1s about 100 tons per hour. Tht coal 1s fed 
to the boilers In crushed form rather than 
the more commonly used pulverized form. As 
a consequence the ash produced by the boilers 
(s about 60% slag and 40% fly ash. Flue 
gases from each unit are cleaned by an elec
trostatic precipitator and finally discharged 
through a 122 meter stack. A block diagram 
of the Allen Steam Plant 1s presented 1n Fig. 
1, The number tw,. unit was selected In this 
study since It recently had been modified by 
the Installation of a new Lodge Cottrell 
electrostatic precipitator, which 1s more 
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Fig. 1. A block diagram of th» T. A. Allen Steam Plant 

efficient than the other twc units at the 
plant. This plant thus represents a system 
with the latest available particulate pollu
tion abatement equipment. 
S ^ U n g procedure - Samples for coal, slag, 
and* precipitator mlet and outlet flue gas 
analysis were obtained In August, 1973 when 
the plant was operating at 280 Ml (e). Coal 
samples were composited from grab samples 
taken at IS min Intervals during the flue 
gas sampling. Grab samples of slag were 
collected during the periodic flushing of 
the hopper and are thus not truly represen
tative of the coal samples. The flue g « 
streams were sampled by a modification of 
the ASTM method (1971). The flue gas samples 
were drawn through filters at the precipita
tor Inlet and outlet at a predetermined 
isokinetic rate. The precipitator fly ash 
samples were composited for subsequent sele
nium analysis. The gaseous stream was then 
drawn through a heated nrobe to aqueous 
impinger trains designed to capture vapors 
of selenium. The Impinger train consisted 
of two 10X NajCO) solutions Immersed in an 
icebath. Seven runs were made for the pre
cipitator Inlet and four for the outlet. 
Sampling time for each run was 40 mtn at the 
inlet and ranged from 2 - 4.5 hrs. at the 
outlet. Composite samples were then made 
from the seven 1nl»t and four outlet Impinger 
solutions. The mass flow rate for coal, 
slag, fly ash, and flue gas, shown in Table 
1, was calculated as described by Klein et 
al. (1974). The data indicates that electro
static precipitator efficiency for the fly 
ash was better than 99.5%. 

Selenium determinations - Selenium determlna-
tfons were made using gas chromatography with 
a microwave emission spectrometrlc detection 
system (MES) (Talml and Andren, 1974). The 
analysis 1s based on chelating Se'' with 
5-n1tro-o-phenylene diamine (PD) to form the 
thermally stable and volatile piaselenol 
complex. This Is followed by extraction of 
the piaselenol complex Into toluene, separa
tion by a gas chromtlc column, and finally, 
monitoring of the emission Intensity of the 
204 nm selenium line with the MES. 

Coal samples were digested with a mix
ture of concentrated HNO) and HC10* In 
volumetric flasks equipped with air con
densers. Upon completion of digestion HC1 
was added to reduce any SeVI to Se'». The 
selenium was then complexed with the I'D 
reagent and extracted Into toluene for the 
analysis. 

Slag and fly ash samples were leeched 
with HgO, HiSOt, HNO,, H m k , KCI, and 1:1 
mixture of HN0|-HC10». The leaching solu
tions were then analyzed as described above. 

Two sample preparation methods were 
used to analyze the Na 2C0, solutions. One set of solutions were simply extracted after 
adding HC1 and PD reagent. A redox buffer 
(!>r/6r~ solution) and HC1 were added to 
another set for oxidation of any reduced 
selenium to S e " (Ralhle, 1972). The solu
tion was then heated gently until colorless 
to expel the excess Bromine. After adding 
the PD reagent, the solution was extracted 
and analyzed as above. Subsequent analysis 
showed that greater than 96X of the Se was 
trapped In the first Na sC0, Impinger solution. 
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Table 1. Mass flow rate for coal, slag, fly ash, and flu« gas 
calculated for the T. A. Allen Steam plant. Mempnls, 
Tennessee 

Coal 
(g/min) 

Slag 
(g/m1n) 

8.14 x 104 

Inlet f l y ash 
.....(s/sM 
7.8S x 104 

Outlet f l y ash 
(fl/m1n) 

Flue gas 
SW/mln 

1.47 x 106 

Slag 
(g/m1n) 

8.14 x 104 

Inlet f l y ash 
.....(s/sM 
7.8S x 104 370 6.21 x 105 

The selenium detection limit 1s approxi
mately 4 x 10'" g. The validity of the coal, 
fly ash, and Impingtr solution determinations 
were compared with neutron activation analy
sis, Certified NBS ..•>. 1 and fly ash samples 
were also analyzed as »n independent check. 
The average relative standard deviation for 
the determinations was 4.7* and ranged from 
2.2% to 9.5%. 

RESULTS AND DISCUSSION 
Selenium mass balance - Sampling of flue 
gases Is a continuous process extending over 
several hours; thus any selenium Inhomogeneity 
problems should be averaged out. Since coal 
and slag were only sampled Intermittently, an 
attempt was made to ascertain the homogeneity 
of those materials. Results In Table 2 Indi
cate that both coal and slag were homogeneous 
with respect to Se during the entire sampling 
period. Analyses of several composite samples 
of fly ash and impinger solutions are also 
presented 1n Table 2. 

A mass balance for Se in the Allen Steam 
Plant Is presented In Fig, 2. Extensive frac
tionation of Se takes place during the combus
tion of coal. Selenium Is very poorly incor
porated into slag; only 0.3!!! of the coal 
derived Se leaves the system via slag. 
Approximately 68 percent of the Se Is incor
porated into fly ash, while the rest is vapo
rized. Table 1 Indicates that precipitator 
efficiency (defined as the ratio of flow of 
Inlet fly ash to that of outlet fly ash x 100) 
for removal of fly ash 1s very good (about 
99.6 percent). Consequently, approximately 
93 percent of the Se emitted to the atmosphere 
Is found in the vapor phase. The major part 
of the coal-derived Se Is settled 1n the pre
cipitator hoppers which then Is discharged 
Into settling ponds close to the plant. 
Chemical characterization of Se - The envlron-
mental pTtHways of emitted Se will depend upon 
Its chemical state, both In the particulate 
matter and In the vapor phase. The expected 
forms of Se 1n emissions from combustion 
processes are Se°, Se0 2, SeO", and SeO? 

Table 2. Selenium conc<>nti jtlons 1n 
Allen Steam plant samples 

Sampje Se (pfl/g) 

Coal #1-*- 2,2 
Coal n- 2.2 
Coal #:£ 2.2 
Coal #4?- 2.2 
Slag #1^ 0.08 
Slag #2- O.OB 
Predpltator Inlet 

Fly Ash #l£ 28.0 
Precipitator Inlet 

Fly Ash #2C- 27.5 
PreclpUator Inlet A 

Impinger Solution- 0.063 
Precipltator Outlet 

Fly Ash 88.3 
Preclpita. ,- Outlet 

Impinger Solution^ 0.088 

^Coal #1 represents coal particles 1-5 mm 
1n diameter. Coal #2 0.1-1 mm; Coal #3 
< 0.1 mm; Coal #4 is a composite of sev
eral samples taken at IS min intervals. 

=51ag #1 and 2 represents samples taken 
at two different times. 

-Samples #1 and 2 represents two different 
composites made from fly ash collections. 

=Each gram of composite impinger solution 
represents 0.066 ft 1 of flue gas sampled. 

^Each gram of composite Impinger solution 
represents 0.134 ft' of flue gas. 

(Chizhikov and Shchastiliviyl, 1968). Experi
ments were designed to establish the oxidation 
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COAL 

3.23 

ORNL-DWG 74-5975 

BOILER 

10.01 

SLAG 

2.2 FLYASH 

0,6 VAPOR PRECIPITATOR 
0.03 FLYASH 

0.41 VAPOR 
ATMOSPHERE 

HOPPER ASH 

F1g. ?. Maii balance for So 1n tht T. A, Allen Stttit Plant 

itttot cf So 1n tht fly ash, tlag, and implnger 
solution!. These experiment! were based on 
tht following chemical proptrtlti of tht St 
compounds: 

1. StOj, StO'i tr.d StOt art soluble 1n 
HjO and HC1, but St* is not. THt itltnltt (on 
Is effectively adsorbed by Iron oxides ((Jeering 
tt tl., 1968) and will not to ltachtd by wtttr. 
Howtvtr, ltochlng experiments of fly tin with 
"St (addtd at ''StO,) thowtd that dotorptlon 
could bt accomplished with 12 M HC1. 

2. St 6 trait firtt be oxidized to StO* or 
StO; btfort It will Mssolvt. This ctn easily 
bt dont by WW,, HjSO k, HC10 k, or t Br/Br" redox buffer (Mihlt. 1972). 

3. Only S t " will rttct with tht PD 
rttgtnt to font tht plmltnol complex. 

Samples of fly ash and iltg wtrt Itachtd 
with HiO, 12 m HC1. IS m Hi$O k, 16 m WW,, and 1:1 HN0i-HC10> both at room ttmptrtturt and at 
tht tcld boiling point. Etch ltachtd solution 
was thtn treated with BC1 to tniurt tht induc
tion of any Se»« to St>V (MttMnnm, 196b). 
Tht St'* was than rttcttd with tht PD rtagtnt, 
extracted, and dtttmintd at already dttcrlbtd. 
Tht rtcevtry of St was found to bt vtry «ffi-
dtnt undtr highly oxidizing conditions, l.t., 
hot HNOi, HNO,: HClOw and H,SO». No rtcovtry, 
howevtr, rtsulttd from tht H 20 and HC1 leach-Ings. It Is thus concludtd that St in fly ath 
and slag exists as S«°. A control experiment 
was also performed 1n which "StOj wat adsorbed 
onto a fly ash sample. A 100% rtcovtry was 
achieve*, hy leaching tht sample with 12 m HCt, 
thus reinforcing tht above conclusion that no 
oxyanlons of St are present 1n tht Investigated 
material. 

Tht PD solution was also added to tht 
impinger solutions before and after tht addi
tion of a Br/Br" redox buffer. The redox 
buffer will oxidize any reduced be to SeO, 
(Paihle, 1972). Setenli^n could be extracted 
only after the addition of the redox buffer. 

"I vapor phatt could bt reduced after collection 
in tht impinger solutions. This Is unlikely, 
however, since tetravalent St wai found In 
neither fly ath nor slag. It is thus concludtd 
that all St In tht vapor phtst, fly ash, and 
slag exists ti elemental St. 
Tht formation of Se° can bt described by tat. 
0 > and (2): 

StOj • SO? • St° • 2S0, 

HjStO, * 2S0? • St° • 2H,S0k 

(1) 

(2) 
It stems that txctrs SO: produced in coal 
combustion processes acts as « reducing agent 
so that tht right hand side of the equation 
it favored. 
Biological and chemical implication! - There 
it a very narrow range between SeToxic 1 ty 
and deficiency In animals. Allaway (1969) 
states that St in tht range of from 0.04 to 
2 ug/g It required in the diet of animals to 
prevent deficiency. At slightly higher levels 
(4 or S ug/g), however, toxicity results. 
Selenium Is a protective agent against toxic 
effects of cadmium end mercury disk, 1972). 

Selenium hat not been shown to bt an 
essential element to plant growth, although 
several investigators have shown that different 
plants concentrate St in nature in varying 
amounts. Glstel-Nielsen end Bisbjerg (1970) 
investigated tht availability of added $t°, 
KjSeO,., and B«SeO„ to mustard plants. After 
a two-year period the total uptake, as a 
percentage of added St, was 0.01 percent Se , 
4 percent KiSeOi, and 30 percent KjSeO, and 
BaSeO*. Lucerne, barley, and sugarbett uptake 
was one-third or less for tht respective sele
nium compounds. Results of a review of the 
variability 1n Se uptake by plants in 
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selenlferous trots by Rostnftld and Bttth 
(1964) Indicate that tht physical tnd chemical 
form of St In soils dtttmrints Its availability 
to plants and substqutntly to animals. Factors 
that control tht forms of St art soil pH, rtdox 
pottntlals, microbial activity, and soil mlner-
tlogy (Lak1n, 1972). In acid soils any StOT 
It sorbtd onto ftrric oxides and made unavall-
tblt for furthtr oxidation (OteHg tt al., 
1968). In alkalltw tolls St M y fit oxidized 
uptake. Kubott tt al. %sr reported thtt « ptrctnt of tht forage crops 1h tht Indus
trial taittrn U.S. (acidic tells) contain 
IntMfflcltnt St for M M growth of htelthy ani
mal t and tubstquently lorry tnd Wallace (1174) 
htvt suggested that tht tt dtrlvtd from fossil 
"i."> combustion mteht tt daslrablt for tht 
ti'ttm U.S. Return from this study, howtvtr, 
I ndlcttt that St It mltttu at St«, which it 
untvallabia for plant uptakt. In trots of 
tlktllnt soils, such as parts of tht arid 
western U.S., St may bt oxldtftd to StO;. Tht Ktentlal for toxic tffactt In such artas mutt 

consldtrtd. 
SInet tht lattst particulate pollution 

abatement equipment was luteal ltd at tht Mian 
Sttam Plant. It 1s postlblt to tstlmat* tht 
minimum amount of St that It discharged Into 
tht environment via atmotphtrlc and slag pond 
amissions. This hat both don* for tha U.S. 
and tht world, and tht results art presented 
In Tablt 3. A flturt of 3 ug/g St In coal It 
ustd for tht world-wide concentration (Itrtlnt 
and eoldbtrg, 1971). Tht data art compartd to 
tht amount of St noblUtad by tht natural 
wtathtrlng cyclt. Tht comblntd atmosphtrlc 
tnd slag pond St discharges arc approxlmtttly 
2.S tnd l.S tints larger than rlvtr moblHzt-
tlon for tht U.S. and tht world, ratptctlvtly. 
In tha U.S., tht St tmltttd to tht atmotphtro 
1s In Itstlf 25X of that moblllztd by U.S. 
rIvors. SI net othtr amission sourcts ara 
prtttnt (I.e., smelting optratlon of orts, oil 
burning, rtfutt burning, a t e ) , man probably 
hat a profound Influtnct on St mobilization. 

The question of long- versus short-range 
transport of Se derived from fotsil fuel com
bustion his been considered by stvtral Inves
tigators. Weiss tt al. (1971) studied St to 
S ratios In dated Greenland let cores tnd 
found thtt S htt Increased considerably during 
recent times whereat Se hat remained fairly 
constant. Since elemental St has a boiling 
point of about MO'C, tht authors postulate 
thtt tht vapor should condense shortly after 
atmospheric release to form t solid. One 
would then expect thtt St Input Into tht 
aquatic and terrestrial environment should 
bt t loctl tfftct. Zolltr tt tl. (1974) htvt 
recently studied enrichment factort for St In 
atrotolt at tht South Pole. Tht enrichment 
factor (EF) It defined tt: 

cr BMl 8-!" 
Their measured EF wtt 18,000. Thus,considerable 
enrichment of Se exists In polar aerosols. The 
measured EF for Allen Sttam Plant amissions Is 
22,000 which Is strikingly similar to tha ones 
found at the South Pole. Tht atrotol enrich
ments at the South Pole might alto bt of bio
genic and volcanic origin (Weiss t t a l . , 1971), 
howtvtr, leaving tht question of long-range 
transport unresolved. 
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Abstract 
Mercury la air aay be eeparated Into par

ticulate, aarcurle ahlatUa type compounds, 
•ethvlaereury (tl) type U f a jail, elemental 
aercury end dlaathylaaraury ky asafta of a ee-
lectlve absorption tube aempllag systea. Com
bined with aalaalaa detention thaaa ekealaal 
faraa aay ba detected abeve 0.) ag a" 1. 

Analysts of ombleat air la a sampling 
grid ovar tha Tampa lay area, at aaa, and In 
hoaaa aaa building* Indleatee that ail flva 
foraa aay ka found. Ilaatatal aereury la tha 
chlaf chaalcal farm fauna' out significant e-
aoaata of tha othar foraa ara alao found. In-
ortanlc aercury on aall la converted to 
aathyl-aarcury compounds ana alaaantal aarcury. 

Introduction 
Narcury la parHaae tha aoat widely dis

tributed haavy aatal pollutant due largely to 
tha volatility of alaamtal aarcury. Hathyl-
aarcury halldee, dlaethylaercury an* aarcurlc 
chloride ara alae known t« ka volatile. In
organic aarcury haa baan ahowa to ba convert* 
ed Into tha aora volatlla aathyl-aarcary 
foraa through biological activity by laura 
at al (1) ant by ott.irs. Tha ooablnatlon of 
tonicity and volatility aaka tha study of tha 
anvlroaaaatal ahaalatry of aarcury of prlat 
importance. 

beceuae of tha lack of aultabla analyti
cal atthoda, until now llttla Intonation haa 
baan available on tha typaa of aarcury com
pounds and thtlr eeacaatratlona In tha en-
vlrnnaant. For example, particulate aarcury 
In air can ba deteralned by activation enaly-
ala of filter pads an* alaaaatal aareury 
aleoo by direct atoalc absorption If praaaat 
above approximately IS ag or*. Tha coablna-
tlon of aalaalon spectroscopy with tha uae of 
eequentlel (pacific absorption tubaa devel
oped by u» (2) (3) haa provided tha needed 
aathod for (pacific detection end high aenal-
tivlty for analyala of tha volatile aarcury 
foraa, and particulate in a great variety of 
environmental samples. The aathod haa been 
uaed In several environaantal (todies (*), 

soouoatlal 'pacific Absorption Tuba 
laapTlna tystea 

A aaapling ayataa waa designed for the 
selective absorption of the several euepeeted 
environmental foraa of aaraury. Amalgamation 
was flrat studied. Illverad glaaa baada and 
gold coated glaaa beads were found to rapidly 
absorb eleaantal mercury. Dlaathylaaraury 
was quantitatively ebaorbad only on the gold 
seeds thus providing a baale for separation 
of eleaantal aarcury froa dlaathylaaraury. 

After considerable subsequent work eem-
pla tube peeklnge were found which would spe
cifically absorb aethylaercury(II) chloride 
and aercurlc chloride. A tube containing 
silicone coated (IX IE-JO) on *l/*0 aeah 
Chronosorb-U, NCI, vapor treated, waa found 
to retain aarcurlc chloride while paaalng 
aathylaarcury(II) chloride, eleaantal aer-
cury and dimethyl-mercury. MrthylaercuryOI) 
broalde or Iodide or acetate or other vola
tile fore* are likely converted to mathyl-
aercury(II) chloride on the MCl-treatad 
Chroaoeorb-W tube. 

A non-alllconleed Chroaeaorb-W coluan 
Initially traeted with HaOU to 0.1J mi111-
equlvalente per graa of coluaa packing waa 
found to quantltetlvely absorb asthylaar-
cury(Il) chloride while quantltetlvely pass
ing eleasntel mercury and dims thylasreury. 
Hethylmsrcury(II) chloride la likely convert
ed to the less volatile hydroxide by the 
alkaline column. 

A glaas wool filter, 0.30 microns pore 
else, wee uaed as a particulate filter to 
complete the stack of absorption tubes, ly 
aeeeabllng tha absorption tubaa In tha fol
lowing order and pumping air through them it 
wea possible to separate aarcury froa a eln-
gle air eample Into five forma. Sample vol-
umte from 0.025 to tf.200 a* wars taken. 
Order of the aaapling tubea was as follows: 
glass wool filter preheated to bleak (te-
movaa larger particulate only), slllconlsed 
Chroasaorb-U, HC1 vapor treated (removes 
HgCl; type compounds and particulate which 
paeaes the glasa wool filters), Chroaosorb-M, 
NaOH treated (removes CHjHgCl type compounds) 
silvered glass beads (removes elemental mvr-
cury), gold coated glase beads (removes 
(CU3)2Hg). 



The efficiency of the individual tubas 
and tht assembled atack use taatad using ele-
mantal Mrcury, llgCl;,, CnjUfjCl. and (Cllj)2Hg In 
oparatlon titular a variaty of temperatures and 
condition* of huaidlty. MethylaercuryOl) 
chloride n i 13 - 100* ratalnad on tha NeOH-
Chronosorb-M tuba at temperatures aa high m 
33'C and I5J r.latlv. humidity. Marcurlc 
ctilorlda wan 90 - 100* ratalnad on tha sili
conized Chroaosorb-W eoluan up to 33'C and 
» K relative humidity, loth compounds war* 
tested for una and two-hour pumping parioda. 
Diaathylajarawry and alaaantal Mrcury were 
100K absorbed on tha (Old and silver coated 
baada respectively under all conditions 
taatad. 

Cataful blanking of all sample tubaa waa 
nacaaaary to aohlava good lowar Haiti of da-
tact Ion for analyala. 

Analysis Ivataw 

After sampling, tha stack of tuba* ware 
•aparatad and analytad Individually for 
trapped mercury. Mercury was driven off from 
each tuba by heating aad paaaed through a 
quartt discharge chaMbar by nans of He 
carrier (•*• * <l*»et current dlacharga In 
tha chamber waa used to excite tha 253.65 na 
Hg emission line. A conventional type re
cording apectraaeter syataa described pre-
vloualy was used (5). Tha gold and silver 
tactions vera heated directly into the dis
charge and da-saslgsasted to glva aharp M r 
cury peaka whan heated to 300 - 400*C. 
Chroaosorb-U tubas ware flrat heated Into 
blanked gold coated bead transfer tubes to 
eliminate soae volatilised interferencea froa 
air and to aharpen Mrcurv peak algnala. The 
scanning capability of the ayataa paraltted 
verification of the presence of aercury. Cal
ibration waa accomplished by using Mrcury 
vapor. Lower Halts of detection were found 
to be near .01 nanograM. 

Limitations 

Since no other current aathods exist for 
the detection of specific Mrcury compounds 
in the 1-20 nc,/rr range It uas not possible to 
directly compare this method to another one. 
The identity of aechylmercurydl) compounds or 
mercuric chloride compounds sampled fron the 
environment depends upon comparison to known 
compounds (i.e. UgCl2, CIljHgCl, and (CH^jlig). 
Compounds sampled from the environment did 
contain mercury as determined Sy scanning the 
mercury eniSHlon line during analyses. 

Methylmercury(ll) tvpe compounds and 
direthvlmercury far above normal concentte* 
lion* vere detected in *ir above soil treated 
vitlt mercuric chloride. 

U2S and SO2 were found to overload the 
Chromosorb-W (1IC1) column if 2-hour pumping 
times were employed but were not otherwise an 
Interference. 

Tor the moHt accurate work, very cereful 
handling of the absorption tubes is necessary 
to avoid contamination. 

Mercury In laboratory sir is a definite 
contamination problem. 

Applications 

The method Im* been used tu Ntudy mercury 
In air in houses, .ibuurd a ship, In school 
buildings and In a Rumpling grid In the Tampa, 
Florida, USA, area, 

Tables I ai'd II Rive data indicating some 
of our finding. Air over the Sargasso Sea 
(froa shipboard analyses) contained only small 
amnunta of elemental mercury. The larger 
Fraction we believe wes from aerosol(catIon of 
sea water and is likely HgClj type compounds. 
The total mercun In air found at saa coaparaa 
raeaonably well \ 1th the amount of aercury In 
the saa water evaporated Into air, Saa water 
la on the order of 5 - 10 ppb mercury, or S -
10 ng/llter. If evaporated, one liter of aea 
rater occupies 1 a'. 

Houses and buildings are obviously the 
greatest sourn, of air mercury exposure to 
the general population. Amounts of mercury in 
buildings ranged from 10 to 100 tlMs higher 
than mercury in ambient out-of-door air. 
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TABLE t Mercury in Air in Buildings and Aboard Ship (t/V Trident) 

Sample 

Lecture Ha l l 
(Before c l a s s ) 

Tota l only 

Lecture Hall 
(After class) 

Total only 

House 
Bathroom 
Bedroom 
Kitchen 
Living room 

Ship (totals only) 
Laboratory 
Engine Roost 
Paint Locker 

Faculty Office (Several) 
(total only) 

He particulate H t " 2 !9K a: MM Tota l 

2 . » 4 . 2 12 310 0 367 

- - - - - 351 

0 12 25 500 12 5*9 

- - - - - 557 

43 4 . 4 200 0 2*7 
_ 0 10 37 0 *7 
- :: 0 » e 100 

- . 7 23 110 0 136 

21 
51 
62 

110 - 140 

Out of doors total ambient Hg, 3 - 6 ng/m 
Out of doors total ambient Hg, average 7.5 ng/n 
c 3 
Uncertainties in data are * 0.3 ng/m or * 5* 



TAKLE I I Mercury i n As* ient Air 

Taapa Area (st«e day) 
Suburb*. Location 

Bayside 

Urban Downtown 

Trapped air over soil 
treated with HgCl2 
(after 1 day) 

Trapped air over untreated soil 

Sargasso Saa 
(underway) 

Sargasso Sea 
(on station) 

Saraasso Sea 

Sargasso Saa 

(underway * near vaterlinc) 

(underway - top of deck) 

(on station) 

«./.- -
Ha particulate HtCl2 M C HI m Total 

2 22 1* * a 42 
3 10 5* » 3 76 
12 0 3 * I 20 

- 20 20 MO 60 500 

0.1 10 0.2 0.* 0 
3 - 6 

11 

3.1 0.7 

0.19 

7.S, 12.0, 8.1 ng/a Totals only 

4.0, 11, 2.4 nt/a? Totals only 

4.0, 0.6 oc/a Totals only 

4.7 

South of Bermuda, January 1974 
!• 3 
Uncertainties In data ax* i 0.3 nt/a or ? 51 
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Furaen Univerolty 

Greenville, South Carolina 2M13 

Abatract 

A (1*14 etudy to ifcoruln whether or not 
alternative M e h m l o M to tho fleh eycle pro
vide • practical bid • (or aercury aethylatlon 
haa >«M conducted ualeg both air and water 
aaaplaa. Our raiulti atrongly outHot that 
central towage facllltlat coaatltute a wide
spread aourea of organic aareury ea wall ao 
aleaeatal aarcury aalailoaa. 0» tha ether 
hand, taata of leeched aatarlal around a coal-
fired power plant indicate that aercury la 
afflclaotly trapped by tha (oraatlon of eul-
fldna. 

We hava found avldanea for orsanlc and 
eleaental aercury aalaaloaa covering * c o ° " 
cantratlon raaga iraatar than 10". Tha 
cvldanea la kaaad on alr-aaaple aeaeuraaente 
In eitieo with population! ran*lit* ttixt 
twanty to aavan-hundrad thouaaad. Particular 
aaphaala wee |lvaa to aeteorologlcal and 
epetlal faetora ralatad to caatral eewege 
faellltlaa. Tha concentration of eleaental 
aareury In tha ataoepaere falla off e.arply 
with lncraaalni dlatanca froa tha central 
eewaga plaat, but tha eoncaatratloa of tha 
asre volatile organic fotma of aareury In-
craaaaa (for at laaat aavaral allot) logarlth-
alcally with dlatanca. Tha concaatratlon 
aaxlaa of tha organic aarcury aalaalona appeer 
to be related to population all*. Evidence la 
preaaatad euggeetl«t that tha I M upper llatt 
for aercury In air la being exceeded under 
certain condltlona. 

I. Introduction 
A field etudy hae been Initiated dealfn-

ed to deearaine whether or not organic foiaa 
of aarcury conatltute a potential envlroa-
aantal haaard. It had already been aatabllah-
ed that relatively elgnlflcaat levela of 
organic foraa of aercury could be found In 
* Work eupported by NSF/Rann Grant 

No. GI 39390 

fleh (Jenaen, l*6f). The purpoaa of tha 
preeaat field etudy (loldano, l»7») la to 
laarn whether alternative aoureaa of organic 
aarcury coapounda (both biogenic and non-
biagenle) axlet, and whether eueh aoureaa, 
unrelated to the flfh chain, aay eonetltute a 
health problan (Clarkaon, 1*72). 

II. Exptriaaatal Pror'jduree 
for Water Saaple Analyala 

A. Omeral Deaerlptlan 
To dwvelop a aarcury aonltorlng cap

ability in both air and water, ealealon 
apectrographie technleuee originated by R. 
Iraaan (1171) for detecting aareury were 
adapted to the preaant field etudy. 

The apparatue arrangaaant uaed la ahown 
In figure 1. It conalete of a hallua carrier 
gae eource, the aercury eaaple, an ealeelon 

• a— Km 
• r w i 

itmmwimin 

~~ • M l 
•OkJV 

— «n»» 

I. enMit, m y — m M»IPW»I iimpwu. 
type detector cell, and a conventional 
optical and el» <ronle eyetaa. Tha detector 
cell le deelgntl to ganarata a aarcury flaae 
path of appronlaately '.0 cat Tha aercury 
being carried by hellv gaa iron tha aaapla 
tube to the deteetor call, la excited by a 
•30-1030 volt electrical dlecharge. A 
Jarrcll-Aah aodel 82-020 acanaing aonochro-
aater la uaed to aonltor the aarcury aalaelon 
at 2337 angatroae. the elgnel le eapllfled 
by a Kalthley 417 high epeed plcoaaaeter 



(full ecala 10-12 to 10-5 ampere). A Texaa 
Instruments strip-chart recorder la used 
(Plckar aarvo/rltar, full acala 10 milll-
aaparee). Photoaultlpller voltage, dlacharga 
voltaga, allt width, aapllfiar gain and rang* 
of tha itrlp-chart racordar all control tha 
total algnal gain. Tha praaant apparatus la 
oparatad with tha following ranges of con
ditional allt width, 1M-3J0 micronsj PM 
voltaga. (00 voltai DC dlacharga, t30-10JO 
volta, J1.3 watta/Unaar inch of dlacharga, 
for 10-' to 10-* aapara and 1-10 •» raeordlng 
ranga. Pull acala on tha racordar equaled 
20* of tha amplifier output. 

ttl. Results of tha Wttar Monitoring Prograa 
In tha Initial development phaaa of tha 

(laid etudy, a prograa of monitoring aercury 
in watar waa initiated. Vinca coal contalna 
aercury, tha anvlrona of tha TVA Hull Kun Coal 
(Ired gtaaa Plant waa atudlad. Tha raaults 
froa ovar fifty aaaples takan In tha plant'a 
vicinity atteeted to tha fact that tha wlde-
apraad prevalence of aulfldaa and tha fanta
stically avail solubility product of aarcurlc 
aulfIda would anaura that any aercury praaant 
la affactlvaly trapped. In tha ahsanca of a 
mechanlea that would iead to a braak down of 
tha awrcuric aulflda compound, vary little 
mercury waa detectable. 

An Important clua to a potantlal aourca 
of awrcury salaalona waa dlacovarad in tha 
watar phaaa of our flald atudy whan avidanca 
waa uncovarad Indicating that aawaga plant gaa 
Missions might contain appraclabla aawunta of 
•arcury. This finding strongly suggaatad that 
an air •onltoring flald prograa should ba 
promptly inltiatad. To iaplaaant this study 
a technique for aarcury saapllng in tha air 
plonaarad by Iraaan (R. Iraaan, 1974) waa 
adoptad with aoaa aodlflcations. 

IV. Expariaantal Procaduras 
for Air Saapla Analysis 

Tha Bremen aarcury apaclatlon technique 
lnvolvaa tha stacking of four dlffarant aata-
rlala aa shown in flgura 2. Tha flrat tuba 
ancountarad by tha antaring air atraaa, ona 
containing acidic chroaoaorb w, la daalgnad to 
pick up inorganic aarcury coapounda such «s 

Tha aacond aatarlal, baalc chro
aoaorb W, la aalactlva for alkyl aarcury 
halldaE. Tha raaainlng aarcury In tha antar
ing air saapla la than contactad with a third 
tuba containing sllvsrad Florida ssnd, (tha 
lattar la mora rasistant to tha high 

bl Iti m w 

mum. so-., wax K!«M» 
t. VMlMlM >«*, M lltHi*, I . * . 

temperatures needed to volatilise tha adeorb-
ad aarcury during analysis). Tha third tuba 
should adaorb any aleaantal aarcury raaaintng 
in tha air atrea*. Pinally, tha fourth tuba 
containing gold coatad ssnd. Is effective in 
trapping highly volatile dialkyl foraa of 
aarcury. 
V. Calibration Curvaa for Air Monitoring 

3ne alcrolltar of a standard aathyl 
aarcury chloride solution is Injected into a 
tuba containing chroaosorb H. the lattar 
having a specific affinity for alkyl aarcury 
hi1Idas. A aaall voluaa la uaad in ordar to 
alnialse Interference arising froa the 
presence of watar vapor in tha systsa. 
Helium carrier gaa ia pasaad through the 
aaaple tube Into the detector cell. At thle 
stage of analysis, the saaple tube is kept 
at rooa temparoture until tha elgnal detected 
by the aonochroaater la atabllliad. The 
lattar atata la Indicated by a steady bssa 
line shown on the etrlp-chart racordar. The 
aaapla tube contelclng aercury la haatad by a 
nlchroae coil, the latter varlac controlled. 
The increaae in taaparature causes the aercury 
compound to av jive froa tha aurfaca of the 
pecking aaterlal and than ba carried by 
hellua gaa to tha DC discharge cell. Due to 
the presence of aercury In the dleeherge 
region et any ona tlaa, tha taaparature ie 
raised slowly. This process Is continued 
until the nlchroae wire appears dull red. The 
algnal eventually returns to the previously 
determined baaa Una indicating that all of 
the mercury has been carried to the dlacharga 
detector cell. The reaultant area of the 
output algnal vereua time graph la a aeasurs 
of the concentration of tha mercury origin
ally Introduced into the sample tube. Known 



concentration* of CH3HgCl, were Injected Into 
the eaaple tube and th<t areaa of the reeult-
ant graphs of aonochromater >l|nal veraua 
time were aeaeured at different allt widths. 

A plot of the relationship between known 
amount* of aarcury and the area of the graph 
of signs! veraua tine generated by the aono-
chroaeter la ahown In figure 3. A linear 
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relatlonahlp between the logarithm of the 
concentration of CiHgCl and the aquare root 
of the area of the signal from the aonochro-
mater tlae la obaerved. (Soldeno, 197*). 

tit (erem «t«M «f M«) • law tf ti*»1 vi. ttm r*t* t«. 1. 
One seee a coaparteon. aa a function of 

aonochromater allt width, of the logerltha of 
the number of graa atoaa of aercury veraua 
the square root of the atrtp-ehart recorder 
algnal area. One notes thet the linearity 
extendi over a aercury concentration range 
greater than 10 s. Moreover, a* the fraction 
of emitted light la decreased by a reduction 
of allt width, the expected diminution In 
algnal leads to a perceptible change In the 
slope of the obaetved linearity. Signific
antly, the aercury concentration In all three 
casea extrapolatea to approximately the aeae 
Halting value. 

The above relationship was tested with 
different aercury toapounds. A slalllar 
linear response, one holding over a factor 
of 10 s in concentration, was again obaerved. 

In addition to the practical Interpo-
latlve utility of our empirical relatlonahlp, 
its form la highly auggestlve of soas ele
ments Inherent In the Debye-Huckel 

coapleaentary field concept; (Debye, 192]) 
one designed to account for statistical elect
rical fluctuations of charges in solutions. 
Analogous to the electrical polarisation 
sffects inherent In the Debye approach, 
Zeegers st al (Zeegeri, 196S) have shown that 
the specific Intensity attendant on fluore
scence radiance at high optical density can 
also be descrlbsd by a square root function 
Involving such factora aa Lorentt and Doppler 
broadening, the Landenburg oscillator coupling 
constant, the radius of the classical electron 
and the cell flaaa path length. In ths cass 
or the Debye-Huckel approach, the logarithmic 
ten describes ths nature of *oae ideal 
standard atate with which the system la being 
compared, At this Juncture, however. It la 
beyond the purpose of this study, which Is 
eesentlally a field atudy report, to addreas 
ourselvee to further description of the 
factora underlying the relatlonahlp we have 
presented, 

VI. Results of a Preliminary Survey for 
Mercury and Organic Mercury Compounds in 
Air Hear Sewage Treatment Hants 
To thlt point our field studies, with 

their ln'.tlal emptiesU on monitoring water, 
gave little Indication of m y aercury problem. 
However, when we directed our field efforts 
to monitoring the air and, aore etgnlflcsnily, 
when we began to focue our field measurements 
on sewage treataent plant emissions, we 
obtained reaulte which Indicated that the 
plethora of new, centralised sewage facilities 
which have been built during the laat few 
years to clesn up our waterwsys, might well 
constitute s means of collective, much of the 
lnduatrlal mercury emission ana then it-
emitting It, in combination with the abundant 
organic producta characteristic of aawage 
eyataas, Into tha surrounding air. 

Field tripe were taken to obtain air 
aaaplea In the environs of sewage treataent 
plants ranging froa a modern 400 million 
dollar facility in Haahlngton, D.C. serving 
approximately one million people, to the 
smallest one located at Oak Ridge, Tennessee, 
and serving approximately 20,000 people. 

In examining our results the following 
points should be kept in mind. It quickly 
became apparent In our field etudlee that 
aaaple location is en Important variable. 
For example downwind seaplee were usually 
higher then those collected upwind from the 
sewage plant. Equally Important, such factors 
aa dlatanca from the plant and elevation of 



the collection point vlth reepact to tn* 
plant vara found to affact tha ovarall re-
aulta. For exaaple, aona of tha glchaond 
eaaalaa vara taken inalda tha plant propar 
(eaaples nuaber 3 and «, Tahla I), while 
othara (nuabar* 2 and S) vara takan cloaa to 
tha plant but at an alavation considerably 
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belev th* aethane fa* flaa* locatad at the 
point of aalailon fro* tha plant. Of greot-
aat alinlflcanca in the etrong indication 
that tha aercury concantratlon-diatanca 
dapandancy varlaa with aercury apaclaa typa. 
Ona notaa In figure * that tha concentration 
of a laaa volatile apaclaa, eleaental aarcury. 
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(Hg(O)l fall! off sharply with sampling dis-
tanca. On the other hand, tha aercury fract
ion collected In the baalc chroaoaorb W 
fraction rise* aharply vlth increasing dis
tance. On* vould expect that If Indeed It i« 
the highly volatile Mthyl aiercury fraction 
that i* being collected by the beelc chroao-
aorb U, thin epecles ehould beccae airborne 
•ore rapidly at the point of ealaelon and 
therefore vould not tend to concentrate near 
(round level at tha plant. In fact, ..',,. dif
ference In the distance concentration behavior 
of tha two collector fractlona shorn in figure 
4 provides additional support for the thesis 
that In the field the silver coated sand and 
tha baalc chroaoaorb W are operating vlth 
species fractionating efficiency. At this 
atage of our investigation no attee.pt has bsen 
made to arrive et general distance relatlon-
t.ilps alnca it le apparent that the local 
Meteorological patterna aay overvhel* purely 
apatlal considerations. 

An examination of tha field results In 
figure S show that, whereas large concent-
rat lone of aercury In tha aqueous phase were 
Indeed Infrequent, the situation la decidedly 
reversed ea far aa aarcury In the elr le con
cerned. One le struck by the broad range of 
aarcury concentrations detected (eee figure S 
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and T«blt 1). for axatiple, tn Utlca, N*w 
York, tn airborne concentration of aorcury In 
the vicinity of the sewage plant a* low aa 
tpproxlaately 0.125 of a nenogrsa par Htir 
cubad waa aeaaured. Thle particular staple 
(•aa Tabla I) waa takan during • anowatora 
with tha aablent taaperature btlow freeling. 
Tha cxtraMly low teaperature alght account 
for tha fact that a ralatlvaly high dluthyl 
Mrcury fraction (Tabla I) wat found coapar-
•bla to that of aathyl Mrcury chlorlda. It 
la poaalbla that tha lowar taaparatura con
tributed to an enhanced atability of tha 
dlMthyl Mrcury. Tha dttactlon of Mrcury 
eanplee In Utlca with concantratlona of tha 
ort<er«*. .1 of a nanograa par Mttr cubed 
land cradanca to tht ldaa that tha nuMroua 
Masuraaenta found at othar altaa In tha 
concantratlon rang* of-e-lO^ nanograas do ln-
daad repreaant valid concentration Indicator!. 
It ehould alao ba noted that our Mrcury 
detection aystea'a lower aenaltlvlty Halt 
(.023 nanograa per Mtcr cubed) la coapereble 
to the .01 nanograa per aeter cubed cited by 
• n u n (R. Braun, 197*). 

A coaparlaon of the collector fractlena 
(fig- S and Table I ) ehowe that for aoat 
eewafe planta aurveyed, the largeet fraction 

of airborne aercury waa usually found In the 
basic chroaoaorb fraction, the latter being 
dealgned to filter out the aethyl aercury 
hallde component. It ahould be eaphaalted 
that no poaltlve Identification of the font of 
aercury waa aade on the field aaaplea. The 
retulti ere alaply Inferential baaed on the 
experlMntal teata previously outlined. Little 
Interference with the Mrcury flaae aalaalon of 
the field aaaplea waa observed, with one ex
ception. And that exception waa very ..triking! 
During this aeaaurwunt (Table I, Oreenvllle 
aaaple nuaber 2) the characteristic purplleh 
aercury aalaalon line auddenly shifted to a 
grttn color for two-thUds of the ample 
MisuraaenC period. During thL> tiae no 
aertury mission signal waa detected by the 
aonschroaater. When the source of Interfer
ence causing the green ealeaion line was 
deplete*, the characteristic purplish aercury 
color waa again noted for the duration of the 
aeaaureaent. Thie result Indicates that trace 
contaalnants other than aarcury Bay exlat In 
aaae field saeplee and thle particular type 
ie Interfering with the aercury ealssion line. 
We eapheelse again that none of the other 
Meeuremente Hated In (Tabla I) exhibited 
such unique behavior. 

Another surprising result Is the large 
disparity between the methyl aercury hallde 
fraction and the concentration of aercury In 
the Inorganic coapound and dlaethyl aercury 
foras. The concentrations of aarcury in the 
latter categories appear to be evi.nly dis
tributed. The actual order le slightly de
pendent upon the particular faclll.-.y Investi
gated. It ahould alao be noted (figure S, 
Teble I) thet the airborne concentre dona of 
aarcury froa sewage plants In the non-Mthyl 
Mrcury categories are not auch different froa 
the low values obtained froa i distant (3 
alias) air eeaple of the coel-flred steaa 
plant at Bull Run. 

We have elso Investigated the Pacific Caa 
and Electric geotlerasl sits in the vicinity 
of Geyaarvllle, California (figure S). One 
notea that the highest cor.c...cr«tlons of each 
fora of aarcury aeaaured in e predaalnately 
high sulfide environment Is aldwai' between the 
relatively low level ealaalona f r » the TVA 
Bull gun Plant and the high results reported 
for Menphle, Tennessee. The larortance of the 
geotherul aeasureaents ilea net In the fact 
that the aercury concentration levels are 
reasonably low, but that the concentration of 
the four different apeclea collected are ell 
coaparable. This observation Is consistent 
with the conversion of one fora Into the other 
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In a strongly non-blogenlc environment char
acteristic of this particular geothermal site. 

It It when we turn to (figure 6) that 
the potentially troublesome lapllcatlons of 
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our field survey of central sewage plants Is 
revealed. The rationale of this plot la the 
Idea that the degree of Industrial activity 
and resultant aercury missions are roughly 
related to the population load on the central 
sewage facility. 

An examination of (figure 6) shows thst 
thsre exists (at least over a limited pop
ulation range) a relationship between the 
maximum detected concentration of "apparent" 
organic mercury fraction and the estimated 
population using the sewage facility. The 
disturbing point In this correlstlon Is the 
suggestion that the high values of organic 
nercury measured In both Louisville and 
Memphis, values that are considerably above 
the EPA upper limit of 1,000 nanograms per 
meter cubed,could have been expected simply 
from the alee of the population load on the 
central aewage facility. To be sure there 
Is the expected curveture In the case of 
Memphis but the concentration of mercury 
obtained at that site remains disturbingly 
high. These samples were taken over a two 
day period when the ambient daily temperature 
waa 95° F and the relative humidity was 
100%. 

Ue shall now turn to a comparison of the 

Washington, D.C. field results with those of 
Memphis, Tennessee In an attempt to describe 
the meteorological-distance relationships for 
the different organic mercury specleB relative 
to the central sewage plant emissions. 

Vlt. A Comparison of the Sewage Plant 
Emission Profiles of Washington, D. C, 
and Memphis, Tennesaee 

In Washington, (figure 7) ue have a large 
population with relatively low levels of 
Industrial activity. On the other hand, ir 
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Memphis we hsve a hl-;h level of industrial 
Activity with the emissions of the central 
sewaee plant complicated by those of the TVA 
coal fired Allen Steam Plant nearby. In 
addttlon, Memphis contains other sources of 
mercury emissions. 

In (figure 8) one notes a distance-
concentration relationship for elemental 
mercury in Wsshlngton, D. C. similiar tf> rha: 
found by Jernelov (Jernelov, 197:0 for chlor-
alkall plant emissions. The higher solid 
curve represents the results obtained in a 
direct downwind direction during a period 
when the direction of an approximate 30 miles 
per hour wind was defined by a vector origin
ating at the sewage plant and directed toward 
Oxon Manor (figure 7). The lower broken line 
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parallel to the direct downwind results repre
sents the concentration-distance profile for 
downwind locations in Washington, D.C. taken 
at 30° angle with the wind direction. As ex
pected, these concentrations of elemental 
mercury arc lower. Tn the case of upwind 
locations (figure 8) the fa31 off of mercury 
concentration levels are much sharper. 

Examining the Washington, D. C. sewage 
plant results for the alkyl mercury hallde* 
(figure 9), one again notes that the concentr
ation of alkyl mercury halldes increases with 
increasing separation from the sewage plant. 
This effect is not as pronounced In the upwind 
direction. 

The Memphis results for both alkyl mer
cury halldes, as wall as those for the dialkyl 
mercury form (figure* 10, 11) also show a pro
nounced Increase in mercury concentration as 
a function of Increasing distance fiam the 
sewage plant. There is, however, a signifi
cant difference. The alkyl mercury concent
rations measured in Memphis are, for the most 
part, equal to or higher than the EPA (one 
thousand nanograms per cubic meter) upper 
allowable limit. The unusual weather con-
uit'tons present during the sampling period 
(i.e. 95° F and 100X relative humidity) 
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similar to thoa* that accompany wuthar in
versions, might account foe thaa* high valuta. 
On th* othar hand, the correlation preaented 
In figure 6 Indicate* that, for Industrial 
c'tlti of the else of Mmphla, theae relative
ly high value* for mercury could have been 
expected, given the right cllaatlc condition!. 

When we examine the distance-concentra
tion profile for the Inorganic fraction 
(acidic chronoaorb) wa are presented with the 
auggeatlon that coupled reactions sight be 
taking place In the atmosphere, involving 
chemical apeclea auch aa H g 2 Clj , Hg Clj, 
etc., the type of compounds collected in thii 
fraction. 

For example, in Memphis (figure 12) we 
note that the relatively high concentration 
of these compounda la almost Independent of 
distance. On the other hand, th- silvered 
Florida aand fraction varaua diatance profile 
(figure 13) involves two different curvea. 
Thr lower curve is consistent with the con
centration fall off usually found for ele
mental mercury. Some other species is being 
collected in th* silver fraction giving rise 
to th* upper curve. The Interesting point, 
however, is that the axis of rotation of the 
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overall psrabol* (figure 13), one thet con
tain* no points between the two portion! of 
the parabola, ilwii coincides with the 
straight line (figure 12) representing the 
Inorganic mercury fraction. It la poastble 
that the lnorgjnic frsctlon Hgj Clj 
may be undersolng decomposition Into 
slemsntal uercury and Hg Clj, thereby giving 
rls* to the two portions of the ovorall 
parabola, 

Another coupling between the inorganic 
.'taction and the dlalkyl mercury fraction is 
suggested in the reeulta involving much 
lower concentretlone of mercury meaaured In 
Washington, D.C. There Is an Indication that 
the distance-concentration profile for the 
mercuric form Hg(II) (figure 14) is alncat a 
mirror image of that found for the dimethyl 
mercury apecles (figure IS). This relation
ship may be significant. Parks (1973) has 
focused considerable attention on the key 
role Hg(II) playa not only In the volatil
isation of citiabar under aerobic conditions 
In sewage eludge. He haa also linked the 
formation under aneroblc conditions of 
alkyl mercury compounds In sewage to the 
presence of Hg(It). Thus It could well be 
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that Hf(tl) may pley » key role in a defini
tive Interpretation of our field atudlea In 
that city. It ahould alao be noted that the 
•ercury measurement! In Waahlntton are the 
only onea ao far lr our entire field program 
that alao gave lndlcatlona of significantly 
high concentratlona of the dlaethyl mercury 
form. 

TX. Conclualon 
Our raaulta ahow nercury and organic 

Mrcury pollution of the air In tha vicinity 
of all of the municipal lavage treatment 
facllltlea examined ao far. The uercury 
concentratlona In tha caae of Hamphla, 
J'enneesee arc ao high that they may constit
ute e health problem. There la alao atrong 
raaaon to believe that aoae of the mora 
troubleaoma mercury species, I.e., the alkyl 
mercury halldea, may be reaching a much 
broader region than the immediate envlrona 
of moat savage facllltlea. Thla whole 
problem ehould be examined In greeter detail. 
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INTERMEDIATE RANGE TRANSPORT OF LEAD 

l-HOM AUTOMOTIVE SOURCES 

I'aul C. Kut en 

Department of Atmospheric Science 
Colorado State University 
Port Collins, Colorado 

ABSTRACT 

A practical urban model to describe 
the atmospheric dispersion and Intermediate 
rnnue transport of lead from automotive sources 
has been developed. This model considers only 
that portion of the emitted lead which has re
mained airborne sufficiently long to reach air 
samplers at least 100 meters from major road
ways. 

The city o' Hon Collins, Colorado 
and the Immediate surroundings (125 km 2) was 
broken down Into a scries of J2 circular area 
sources, whose strength was determined from 
typical daily traffic statistics. The concen
tration within a particular circular arcs 
source is calculated with a uniformly mixed 
quasi-Lagrangian box model whose mixing height 
is parameterized so that surface concentrations 
are the same as if a series of Infinite line 
sources were contributing to the receptor. The 
circular area sources were selected so that a 
smooth transition could be made from the box to 
Gaussian plume model. Concentrations it the 
downwind edge of the source circle are matched 
to a continuous point Gaussian plume mo-lei 
which is subsequently used to predict d>wnwind 
dispersion. 

The results indicate tha" about 45% 
of the lead consumed by automobiles is still 
airborne 10 km downwind of the urban area. 

INTRODUCTION 

The atmospheric dispersion modell
ing of a group of diffuse area sources is com
plicated when the source intensities are 
poorly defined in space and tine and the 
diffusing material exhibits complex behavior. 
Such is the situation in the modeling of the 
atmospheric transport of lead bearing particu
lates from automotive sources. Individual 
automobile lead emissions vary dramaticalIv 
with operating conditions, exhaust temperature, 
load, efficiency 9-id numerous other factors. 
Thus, defining sot" :e strengths In a reasonable 
and practical nuinr. • requires consideration of 
these factors as well as some actual (but often 
not reliable) statistics on traffic volume. 

In this model, sources are por
trayed as circular areas whose emission inten
sity is determined as if all traffic is uni-
lormally distributed over the area. The use 

of circular sources allows the transition from 
a (|uasl-Lagr»nglan box model to a Gaussian 
plume model to be made In a rather smooth step, 
without the serious surface concentration dis
continuities which occur with rectangular area 
sources especially when source geometries arc 
fixed and the wind directions are variable. 
The mixing height in the box is a function of 
stability and is determined so as to give a 
concentration within the box which closely 
approximates that calculated from a finite 
series of line sources aligned perpendicular 
to the wind. 

Downwind of the area source, a 
standard Gaussian plume model is used to pre
dict surface concentrations. In order to use 
the Gaussian plume model virtual point sources 
must be utilised and arc locate' so as to give 
the vertical and horizontal plua. • spread 
corresponding to the radius of tin circular 
area source and the parameterized nixing 
height. 

TEST PROGRAM 

Any atmospheric dispersion model 
which is formulated must be verified to some 
degree by field measurements if it is to be of 
any practical value, Two separate teat pro
grams were conducted in Fort Collins, Colorado, 
a residential city of 4S.000, so as to better 
define human exposure to automotive lead in 
regions with moderately heavy traffic. 

A unique air sampling technique 
was used for the collection of airborne lead 
containing particles. Spectrographic purity 
porous-cup graphite electrodes were used as 
the collectors (Skogerboe, (1972). These cups 
were doped with a few nanograms of indium, to 
provide a quantitative comparison in spectro
scopic analysis with the emission line of lead 
or any other heavy metals collected. When 
ambient concentrations of the metal being 
Investigated are high, a sufficient sample may 
be collected in as little as five minutes. 

A sampling network of 18 stations 
was established in and around a 125 km- area 
of the city, with one background sampler lo
cated remotely in the mountains northwest of 
the city. Filters were changed three times 
daily so as to measure morning, afternoon and 
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night average lead levels. A weather station 
located in the urban area provided data on 
winds at 18 * and surface temperature. The 
data collected in this network over a period of 
48 hours provided six sets of data for compari
son with the model. 

A second test program was recently 
completed in order to determine whether parti
cle settling or surface Impaction Is playing a 
role In depleting the airborne particles. Cor 
this program many of the original sampling 
stations were moved to new locations, with 
fewer stations in the suburbs so that Informa
tion could be obtained concerning any unusueJly 
iteep concentration gradient which might be due 
to settling or impaction. 

SOURCE STRENGTH 
The initial problem In this study 

as In any atmospheric dispersion modeling was 
to establish the pollutant's source strength. 
Unlike many other automobile exhaust products 
there is no satisfactory parameterization of 
automobile lead emissions at the preaent tine. 
Several investigations (Hablbi, 1970} Hablb., 
et al,. 1970) have shown that the lead emitted 
out the tailpipe varies from 10 to 90% of the 
lead consumed depending upon operating condi
tions. Recent studies (Ganley and Springer, 
1974) have also shown the sl:e distribution 
of the amissions vary substantially depending 
on several of the other factors In operation. 

All air samplers were located at 
least 100 m fror,. all major roadways, so as not 
to sample the heaviest, fastest setting lead 
bearing particles. Thus, these particles were 
not considered available for long range trans
port and did not enter into the calculations. 
Consequently, a 45% emission factor was arrived 
at as that portion of the consumed lead that Is 
available for Intermediate range transport. A 
representati'i gas mileage was established at 
13 mpg. The ictus 1 emissions were determined 
from the avenge daily vehicle miles per seg
ment of roadwty in the city. 

Unfortunately, the most recent com
plete traffic count map available was May, 1969. 
A more recent count by the State of Colorado 
at many of the lame intersections indicate that 
the vehicle courts have increased by about 35% 
in the last foui years (this is substantiated 
by population grjwth). 

Initially, :•. was assumed that the 
morning (7:00 a.it., to 12:30 p.m.) traffic 
accounted for 40', of the total emission, after
noon (12:30 p.m. -o 7:00 p.m.) accounted for 
40'.. ,ind nighttime (7:00 p.m. to 7:00 a.m.) was 

20%. Using these values in conjunction with 
mean meteorological factors (wind and stability) 
for those time periods proved to give poor 
correlation of the model with data averaged 
over the similar periods. Traffic statistics 
were broken down further into hourly percen
tages of dally total (timed on actual hourly 
counts, and averaged from many locations). 
Kind data were available fras the Port Collins 
Weather Station (taken at IS m) and stability 
categories were estimated for hourly intervals 
based on I'ort Collins surface temperature and 
the Denver soundings (60 miles to the south). 
This procedure worked well for this test but 
may not be a generally useful approach, For
tunately, during this testing period no major 
weather systems were forcing the flow in the 
region, and with this fair clear weather the 
vertical temperature structure followed a very 
predictable diurnal cycle. In the second test 
program an acoustic sounder augmented the data 
for added determination of mixing height and 
stability. 

DIFFUSION SCHEME 
All the tabulated vehicle traffic 

In a region (usually three to eight »i. km) 
was considered to be uniformly distributed over 
the region. The uniform distribution approach, 
as well as the use of circular area sources, 
readily yields a rather simple solution. The 
choice of circular area sources allows the 
transition from a uniformly mixed quesl-
Lagranglan box model to a Gaussian plume model 
to be Much smoother without any serious surface 
concentration discontinuities or adjustments 
necessary as for other geometrical types of 
area sources. 

Prediction of concentration at grid 
points within the source circle are made by 
assuming a parcel of air enters the circle 
travelling with the mean wind speed and direc
tion, and transects the circle along a line 
parallel to the wind direction. If we assume 
no fallout of lead bearing particles, then as 
the air parcel travels across the source 
circle it picks up and maintains all material 
emitted into it. The concentration in the 
parcel, assuming no lead is initially contained 
In it when it starts over the circle, is equal 
to the emission rate per unit area multiplied 
by travel time in the source area, and divided 
by the mixing height. Thus, the pollutant is 
considered inst • taneously and uniformly mixed 
th-"u»nout the volume. The concentration is 
given by 

C • -^-. -J— (i) 
«r H irr HU 
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where, C £4 i> the pollutant concentration, 
0 fit] '' t o t a l emission of the tource circle, 
r(m) ii the radlua of the source circle, x(m) 
U the distance of travel In the circle, 
IJ{m/eec) la the wind speed, T(iec) la the trivel 
time in the circle, li(m) la the mixing height. 

Thua, the peak concentration In the 
circle la given, when x • 2r, by 

S'̂  (21 

If we were to apply a Gauailan 
plume model to a surface point aource and wlihed 
to determine concentration! along the plume 
axla for a source atrength Q., with total plume 
reflection from the surface, the concentration 
would be given by 

v s 
(J) 

where, oy(m) ia the standard deviation M' the 
particlea diaplaceaent In the lateral direction, 
0 (m) ia the standard deviation of the parti
clea diaplacement in the vertical direction. 
Thua, if we conalder the downwind edge of the 
circle to be the point where the box model to 
Gaueslan plume moJel tranaltlon li to take 
place, the concentration at point A In Figure 
1 can be calculated by equation 2 if we aet 

o - J/4 r 

2/J H 
(4) 

Several other combination! are 
possible, the moat obvious being 

and 
H/2 

° y • r/2 
o. • H 

(S) 

In Figure 1, a comparison of the isopletha of 
concentration are given for two of the many 
combinations of o and o to reproduce rH/2. 
As shown in Figure 1 o * r/2 and o • H 
appear to underestimate lateral plufte growth. 
Similarly o„ • r and o z • H/2 (not given) tend to overestimate lateral plume growth. The case 
selected as the oest combination, equatlona 4, 
givea both a smooth concentration transition 
across the border of the area source and an 
acceptable lateral plume growth pattern. 

air over the area source and travelling with 
the mean wind picks up and maintains all lead 
emitted into it. This li considered to be 45\ 
of the total lead consumed due to automobile 
retention and large particle settling, The 
mixing height it determined as discussed above, 
Once the air parcel passes outside of the 
source region into region I the concentration 
is calculated as being normally distributed 
with respect with the plume centerline concen
tration, The plume centerline concentration 
it determined by the parcel method, with the 
parcel travelling along the diameter parnllel 
to the wind to the point on the centerline 
opposite the point of interest in region 1. 

In Figure 1 the concentration field 
from a uniformly emitting area source was cal
culated in the following manner. A parcel ot 

FIG. 1. A comparison of the isopleths of concen
tration for two combinations of o , o . isopleths 
are labelled in relative units. v ' >' 
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When the r»-cel panel beyond the 
circle Into region 2, the concentration U 
calculated ai if ell the pollutant were emitted 
fron e virtual point source, which if located 
according to the condition! specified In 
equation 4, 

tf diffusion it to proceed smoothly 
downwind fro* the end of the source area, both 
o y and o muit grow continuously beyond thla 
point. However, if the •nqul 11-Turner 
curvei are uied n the method of predicting 
dispersion, it ahould be noted, one will cal
culate virtual point lource loeitloni which 
will b* radically different for the y and i 
direction! in order to give the observed plume 
•pread. Theae two virtual point lourcei re-
no in *a the apparent origin! of the Gauisian 
plume for all grid point! downwind of the bo* 
model. 

One aubtle point, at the tranaitlon 
point we have a inatantaneoua rediitribution 
of nail. However, became the condition! were 
•latched at the lurface and o„ wai judiciously 
choien to be equal to l/4r, the lurface redis
tribution it rathjr null at leen in Figure 
1. The tramition becone! lei! satis
factory at lev*la above the turface. In 
general, thla technique would provide good 
concentration eitlmtei to about SO m above 
the lurface. However, aince w» are only 
Intereited In lurface concentration! thli doei 
not preient a problem In thli caie. tf one 
were concerned with continuity, for example 
at 500 m, the concentration itep encountered 
with lurface matching may b* unacceptable.' If 
thii were the iltuation the baiic approach 
could be applied at any one ipecific level, 
but discontinuities at other level! will still 
remain in thii linear mode matching approach. 
Phyalcally, the transition repreienti a change 
in vertical distribution from hoaogeneoui to 
the height 2/SH, to i normal distribution in 
the vertical with H now the S/2o point of the 
distribution. 

As a result of thla mode matching 
technique one Is able to maintain continuity 
in predicted concentrations across the border 
of the source region at any level desired. 

DISPERSION CURVES 
It seem* to be the rule rather than 

the exception, that when dispersion modeling ti 
done the "required" data i» seldom available ao 
that accurate comparisons with previous inves
tigation* can seldom be made. In this program 
wind measurements were at 14 m and only surface 
temperature measurements were available. In 
addition to surface temperature measurement, 
radiosonde data was available for Denver. 

Fortunately, during the test period, the weather 
wa* quite "well behaved" and the diurnal cycle 
characteristics of fair clear weather wa* ob
vious frc* the Denver sounding and correlated 
quite well with the observations In Fort Collins. 
As a result It w i felt accurate estimates of 
stability could be made from the data available. 

At the preient time dispersion esti
mates have been made using the FasqulII-Turner 
curvei only, with some subjective evaluation 
Included! e.g., neither A nor P category has 
been used m d alio, thi next *oit unit utile case 
Is used rather than that warranted by the sta
bility condition. This shift in curves Is 
partially justified by the condition* of urban 
and luburban areai under investigation. Fort 
Collini is a non-Industrial, residential city 
with primarily one and two story buildings. 

RESULTS 
The basic approach, which has been 

applied In this study of the Intermediate range 
transport of lead, wai to eliminate the large 
very rapidly settling particulate! from consid
eration by placing the r;*pllng stitioni at 
least 100 m from major roadwayi. laied on size 
distribution meaiurementi it was felt that 
the majority of the remaining particulates will 
behave as a las. Other itudlei conducted by 
the Atmospheric Chemistry Group of CSU'i lead 
project have speculated that gaieous (organic) 
lead compound* may undergo atmospheric trans
formation! to particulate (inorganic) lead. 
This study was conducted to determine If a 
systematic discrepancy between measured and 
predicted lead level! could be detected. Under 
certain clrcumitancei these discrepancies could 
be attributed to secondary processes ai addi
tional gravitation settling, lurface impaction, 
or chemical traniformatlon. 

Figures 2 and J show a comparison 
of meaiured and predicted lead levels, The 
agreement In these casei, *• in the other caiei 
tested, li quite good. Thus, it ii felt that 
these secondary procenei are not significantly 
affecting the airborne lead levels in the inter
mediate transport range. However, it l* possi
ble that the processes ot settling and gas to 
particle conversion are counteracting each 
other. If this were occurlng It would not be 
p o n l b U to Isolate theie proceises with the 
preient data. 

It should be noted that the am
bient lead level! meaiured and predicted here, 
represent fair weather transport and diffusion. 
Thus, in all likelihood ralnout and washout 
play a significant role maintaining the atmo
spheric budget of lead. 
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I 111. J. Alihrev luted map of loft Lull Ins, 
Colorado, with Measured (broker. I lues 1 und pre
dicted (solid lines) concentration of nlrhorne 
lead. Samples were collected from 7:00 a.m. to 
l.'tSd p.m. mi May 8, lil'J. 

l:I(i. J. Ahbreviated map of I'ort Collins, 
Colorado, with measured (broken lines) and pre
dicted (solid lines) concentration of airborne 
lead. Samples were collected from 7:00 p.m. to 
7:00 a.m. on May 9 li 10, I97J. 

At present, the model Is at the 
point of reasonable prediction of the measured 
iiattertis, but It will be tested using other dls 
perslon estimates, In particular, those of 
Mcl.lroy and Cooler, (Itlbm; Howne, 11973)1 and 
Johnson, et a ) , , (19711, will be used and the 
results usTuV various dispersion curves will be 
compared, Hesults show inn predicted and mea
sured concentrations sill be presented once tin 
sensitivity to various dispersion curves has 
been e stab 11 shed , 

MSCIISSION 

Assuming that the predictive s.-hemi 
discussed above Is reasonably acceptable, one 
problem or uncertainty remains. What perccnlng 
of the consumed lead I from ti.e gasoline Is sti 
airborne approximately I" km downwind of the 
city (limit of study region)? 

Presently, we are assuming that -IS',, 
of the consumed lead remains airborne over thes, 
intermediate distances. In other words, 55'. of 
the consumed lead has remained In the vehicle 
or settled quite rapidly near the roadway and 
was never seen by any of our air samplers. 

However, it Is quite unreasonable 
to expect this depletion of the quasi-airborne 
lead to cease so rapidly (within 100 m of the 
source). Thus we should at lecst Intuitively 
expect some additional mtiling or impaction 
on the surfoce. Some s'mple schemes were teste, 
with appearlngly acceyiahle results; however, 
whether this phenomena Is actually occuring I . 
unsure for sll(jht adjustments of other pararwte 
such as stability, wind speed, and emission rat. 
can lead to similar results. Now that reason-
able pattern agreement Is being realized with 
the model without uny unwarranted assumptions, 
this additional settling or removal mechanism 
will be incorporated to determine If it can im
prove results, In particular, it is hoped this 
"fine adjustment" may help improve the point to 
point correlation between observations and pre
dictions at sampling stations. 
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Abstract 

ThU paper report) on a preliminary numer
ical study of the effect* of the physical 
character!alto of cumulus cloud, on the 
concentration of air pollutanti In rain water. 
If the aaauaptlon la vaild that cloud water 
droplet* are well mixed vertically n well as 
horizontally by the motion of cloud air *o 
that the pollutant In the cloud liquid water 
la uniformly distributed throughout clouds, 
the observational evidence that the concentra
tion of pollutants in rain water decreases 
with Increasing, rainfall rate can be explained. 
It is emphasised that the dynamics of clouds 
are an Important factor in control ling the 
concentration of pollutant In rain water. 

Introduction 
Investigations of the dispersal of pollut

ants, notably of trace metals from automotive 
sources along highways, have been focusaed 
mainly on application of the Flcklan diffusion 
equation and on plume models of various kinds 
(Katen and Miter, 197J), it has been noted 
that a measurable fraction of lead-bearing 
aerosols are dispersed among small enough 
particle sizes to become virtually unaffected 
by gravitational aettling (Corrin, 1973). 
Since lead from automotive air pollution haa 
been found on the Greenland Ice caps (Fig, 1), 

I" 
I.-
I" 
I.-

m~ I" 
I.-
I" 
I.-
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from about 1*80 to I960, showing the 
rapid recent lntreaae In man-made 
particulate) In the atmoaphere, 
Lead is measured as parts per billion 
(ppb), After Murotuml, et si,, 
1969). 

we have to assume that these finely dispersed 
aerosol particles are available for traneport 
processes on a global scale, What governs 
the movement and deposition of such "volatile" 
pollutants? 

Mlth this question in mind we proceeded 
to study the fate of certain pollutants 
through the concept of "residence time" in 
the atmosphere and through the application of 
removal processes which came Into play on a 
more or less stochastic baais (Relter and 
Bauer, 1974), Results of our work are still 
preliminary in nature. The conceptual design 
of our approach look* as follows: 

laslcalty, a pollutant not subject to 
gravitational settling will BTVemoved either 
by contact with the ground or by washout and 
rainout processes. The latter are being mod
elled in this paper, The former can be hand
led by the use of eddy diffusion coefficients 
in the planetary boundary lever, and/or by the 
concentration of the pollutant In question, 
times an "affinity factor" which describes 
empirically the readiness with which the pollut
ant gttaches Itself to solid surface. 0,, for 
Instance, Is destroyed readily upon contact 
with organic matter whereas freon* have an 
"affinity factor" of virtually zero. 

Our study on wet removal processes will 
be expanded by applying cloud census data. 
Presently we have a probabilistic approach in 
mind which, based upon such census data, will 
specify the liklihood of an air parcel becom
ing entrained into (convectlve) cloud systems 
of various size and Intensity, 

Figure 1. Variation of anthropogenic lead dust 
fall at Camp Century, Greenland, 



turnout of Polluttnte by Convoctivo Cloud» 
Cumulus etoudt are an important mechanism 

not only for transporting tlr pollutants from 
tht boundary layer Into tht fro* atmosphere, 
but alao for cleansing tho atawepheri by 
proelpltttlon procasiei. teceuse of tht com
plexity of cloud phytlei transport procenei 
of sir pollutant* by cumulus conviction have 
not boon itudltd txttnitvtly. On tho other 
hand, tht concontrttiont of rtdionucUdtt and 
of ethor poliutinti In proclpltitlon htvt bt«n 
obierved by many tuthori M d tht rtiulti of 
obitrvatloni wtrt lumnarlted by Bngtlaartn 
(1MI, Wl)* Tht tibial in Bng*la*nn,i 
paperi rtvttl thtt conctntritlont of pollut
ant! in rain water vary over a wlda range, 
dtptndini not only on tht chemical naturt of 
tht pollutant, but alto on tht cloud typt 
from which tht rain water sample la obtalntd. 
However, thtrt la a dtflnitt lnvtrtt reletIon-
thlp between tht conctntration in rain and 
rainfall ratt. A rathtr atrikini example of 
thli invtrat rtlatlonahlp la ahovm in Figure 
2. 

Figure 2. 
CI concentre-

tion at « function 
of prtcipltation 
r*ta(Afttr Engtl-
M n n and Perkins, 
1971). 

It la laportant to ttudy the tfftcta of 
tht physical characteristics of cloudi on tht 
concentration of air pollutants In rain wattr. 
ly undemanding thtat afftett, tht vortical 
transport processes of pollutants fro* tht 
planttary boundary laytr into tht frtt atmos
phere and tht cleansing mechanisms of tht 
atmosphere will bt undtrstood bttttr. This 
will ltad to mora rtllablt estimates of 
rtsldtnct timet in tht ataosphtrt of various 
pollutants from diffartnt tourcts. 

This papar rtporta on a preliminary numer-
ical study of tht tfftcts of tht physical 

characttrlitici of clouda on tht concentration 
of air pollutant! in rain wattr and discusses 
th* transport processes of air pollutants which 
hive thtlr sourcts btlow cloud level and are 
transported into tht fret atmosphere by cumulus 
convection. The model used for this study is 
a ont-diswnilonal and steady-itatt cuautus 
node), Precipitation effects are not Included 
into tht dynamic! of tht cloud, The schtaiatlc 
diagram of tht model it shown In Figure 3, 
Although th* model la far from rtal conditions 
of tht atmosphere, neveral Important Implica
tion! are obtained, 
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Figure J. Schematic diagram of tht morlel 

Model 

CI) Dynamic equations for a cumului 
cloud; 

Tht following scheme of a cumulus cloud 
in a stationary environment ia envisaged; The 
cloud consists of a saturated cylindrical 
continuous vertical current In a steady state. 
This continuous current or Jet is considered 
tn entrain environmental air through its sides, 
with these assumptions, the systems of equa
tions for the model cloud are written as 
followa: (The data*'- of the equations are 
found elsewhere, for Inetance, Haltlner, 19S9; 
Srlvaatava, 1964) 

5T • EH • *&• • (Yd - V 

MJJJI • B (Q • ,, . E % 

g - • 2E- 2 • 2 „ ( - g - - 01 

(1) 

(2) 

(J) 



Here, tin 1 H>'WI>OIH »rv dpfinvil ut f o l l i - v : 

I • n TT" entrainmetit ra le 

i . : dry-iidlnbut It I ipse rutv of temperature 

> : lapse m i l ' o( cnvlnmrtenlHl tctiperature 

14: water vapor mixing r u t i n 

q ; value of q In the environment 

'J1 l iquid wiiter mixing n i t l o 

: : In11 Bin 

w: updrnft v e l o c i t y 

It: acceleration due to gravity 
T : cnvironmentnl temperature 
I: latent heat of condensation 

specific heat of air ut constant pressure 
The first two equations represent, respec-

tlvcly, the conservation of energy and of water 
substance, liquation (I) Is the equation of 
mot i on. 

It is assumed that the environmental 
temperature decreases with the constant lipse 
rate, > , and also that the relative humidity 
of environmental air, r, is constant through
out the atmosphere. Therefore, 

T_ • T „ - v •: 

where T Is the environmental temperature at 
the cloud base and q is the saturation mix
ing ratio of vapor of the environmental air. 
The vertical distribution of temperature, 
liquid water content and updraft velocity are 
obtained by solving these equations with the 
aid of the Clausins Clapeyron equation and the 
hydrostatic equation. 

(il) Equation for pollutant: 
The equation or mixing ratio of a pollut

ant, x, can be obtained from the consideration 
of the conservation ot the quantity x in the 
portion of the vertical current bounded by the 
levels z and z • dz as shown in Figure 4. 

Ilgure i. '-ctiematlc diagram Illustrating 
entralnment, detrsinmrrt H'M' 
vertical transport of quantity 
x li a cumulus cloud. 

The conservation in expressed by: 

-dM d
-x - M'Td: (4) 

where '1 Is the n 'ss of air which rises verti
cally through level : within the cumulus cell. 
x Is the mixing ratio of the pollutcnt in the 
cumulus cell, x Is the mixing ratio of the 
pollutant In the environment, M is the mass 
or air entrained, M. Is the mast of air 
detrained, and S represent* >h* change of x 
per unit depth and per unit mass of air due 
to any source or sink between : and z • dr 
By neglecting the term (dM'd:), the equation 
can be rewritten as 

if. Fix « r.x. fS) 
where r. 1 dMe ff 3 7 " 

If only the scavenging process by cloud water 
contributes to the term S, we can write 

S (6) 
wh?re » is the scavenging coefficient (sec' 
and w is the updraft velocity at z. The 
scavenging coefficient, • , is a function of 
many physical pirametei., such as si:e 
distribution of cloud droplets, chemical 
properties of the pollutant, etc. n»w~>«r. 
for this preliminary study, * is assumed to 
be expressed by 

°,(=r<3(2) P) 
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This moans thst the scavenging coefficient 
•, Is equal to * when the liquid water content 
if 1 g/m5 and that * varies proportional to 
the liquid water content. To simplify the 
problem the further assumption Is made that 
the air in the environment of the cumulus 
cloud contains no air poll'itant. Therefore, 
equation (5) yield' 

ft 4 » » ' - V & fpi%7 u/»* (8) 
This mixing ratio of the pollutant at the 
bottom of the cloud Is given by x . Dtvldtng 
the equation (8) by x and defining X«x/x_ 
the equation cun *>e writ-.en as 

$ •»« 
• " « * : ig/« j (9) 

The solution of equation (9) is given by 

(10) 

If there wero no scavenging process in the 
cloud, the solution of the equation (9) is 
simply expressed by 

oxp ( - Rdi) 
'a 

(11) 
Therefore, the amount of the pollutant scav-
ongod In the cloud, T x , Is given by 

X)dt (g/em2) (12) T x ' x o ft0\(x'-: 
where s ( Is the cloud height and p Is the 
•I:: density. The total water condensed in 
the cloud is given by 

water 
('top 
JpaQ(i)d! (g/cm2) (15) 

Htnce, the average concentration of the pollut
ant in the cloud liquid water, k is 

water 
The ratio of the average concentration of the 
pollutant In liquid water to the concentration 
of the pollutant in air below cloud-base is 
expressed by 

(M 
r top 

top 
„ p.'Q(t)dz (14) 

At the present stage, the levels within 
the cloud which contribute mainly to t e 
precipitation are uncertain. The assumption 
is made, therefore, that by the rutIon of air 
the don't droplets ure well nixed so that th« 
concentration of the pollutant In the liquid 
water is uniform throughout the depth of the 
cloud, tf this assumption is valid, equation 
(M) gives the value at the ratio of the 
concentration of the pollutant in rain water 
to the concentration of the pollutant in 
surface air. 

(Hi) Consideration of different clouds 
The equations described in Sectlur. fl) 

which characterize the vertical distribution 
of updraft velocity, liquid water content, 
and temperature are solved under different 
values of physical parameters. By changing 
the combination of physical parameters, clouds 
having different physical characteristics are 
obtained. The following values were used for 
computation: 
(a) Temperature 

Cloud base temperature, T • 293°K 
AT at the cloud baso • T - T 1°K 

(b) Updraft voloclty at cloud base 
WQ • SO cm/sec in the case of y • 7.S°K/Kn 
* • 100 cm/see In case o. v. • 8.0°K/Km 

(c) rotative humdlty of environment 
r • 60, 70, 80, 90 and 100*. 

(d) Entrainment rate 
E • 0.4, 0.6, 0.8 and 1,0 Km"1 

With the combination of these parameters, 40 
different clouds were obtained. Three of chose 
cases wore omitted from the consideration in 
this paper, 
(o) Scavenging coefficient 

Davis (1972) reported that from the obser
vational studies the scavenging coefficient 
*, for "Na is larger than 10"* sec-1 and fi 
M C 1 Is between lO^sec" 1 

for 
Por this roas.n, 

the following three different values of </> 
were chosen: ° 

*„ • 0.001, 0.01 and O.OSsec"1 
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Results and discussion 
(1) Vertical distribution pf updraft velocity, 
liquid water content and temperature. 

Typical samples of the vertical distribu
tions of T, L. W. C. and w obtained from the 
calculations are shown in Figures 5a, b and c, 
respectively, Two difforent cases are shown. 
The numerical values of the physical parameters 
can be obtained from these figures, The solid 
lines are for a "large" cumulus cloud and the 
broken lines Are for a "small" cumulus cloud, 
tt should be polntod out that these results 
agree at least qualitatively with the observa
tional results of these quantities: the higher 
the cloud, the larger the updraft velocity and 
liquid waver content, 

U 9 l>0 1&0 
M I'Kt 

VlHTiCM. VCLOCIU Iw.lMt 

Figure 5. Typical examples of the vertical 
distributions of temperature (A), 
liquid water content (B), and 
vertical velocity (C). 

(11) Total liquid water condensed per unit 
area of the column of cloud T . , is cal--jjrater 
culated for each cloud, and theTesultj are 
summarized in Figure 6, As it Is expecftd—-.. 
T is larger for higher clouds. In the 
figures, trlangul»- marks and circular marks 
are for the clouds grown in as environment 
having s temperoture lapse rate of r. • 0.75°C 
IdOm, and, 0.80°C/100m, respectively. It is 
seen thst even If the height of the cloud Is 
the same, the cloud grown n the environment 
having the smaller lapse rate contains larger 
amounts of lijuld water. 

» «, • so •*/««, rt •c.rfc/ioom 
i «, >ioo SK/SH, r, •a.Mac/ioom 

KK» 1000 30S4 4000 5000 (000 TOCO 
CUOUO MtlOHT (« | 

Figure 6. Total liquid water condensed 
per unit area of the column of 
cloud versus cloud height 

fit") Vertical distribution of the pollutant 
In cloud air. The vertical distributions 
of the pollutant in cloud air are shoim In 
Figures 7a and b for the two different clouds 
described previously. In these figures, the 
scavenging coefficient * is taken as an 
independent parameter. Tn the case of larger 
values of * , the relative concentration of 
pollutant, x/x decreases rapidly with height. 
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»/»M» 

Figure 7. Vertical distributions of the 
pollutant in cloud air for two 
different clouds. 

The comparison of the two figures 
reveals that In the smaller cloud the 
concentration of the pollutant decreases more 
rapidly with height. Tills Is due to the 
slower vertical velocity in smaller clouds: 
The slower the vertical velocity, the longer 
Is the time required for the air to reach 
the same height above the cloud base. In the 
case of small values of * , the concentration 
of the pollutant in cloud air Is significant 
even In the top portion of a cloud. On the 
other hand, In the case of larger values of 
• , the pollutant is scavenged quickly by 
cloud water near the lower portion of the 
cloud. Larger values of *l> may be at least 
qualitatively regarded as corresponding to 
the scavenging coefficients for hygroscopic 
material, such as sodium chloride. As describ
ed previously, the value of >\i is chosen rather 
arbitrarily. Tor future work, improved values 
of •> should be chosen. 

(iv) Average concentration of pollutant in 
cloud water as a function of cloud height, 

The average concentrations of pollutant 
in cloud water, which is defined by the 
equation (14) was calculated for each cloud. 
Figures Ra, b and c show (k/Xo) versus 
cloud height for * • 0.05, 0.OT and 0.001 
soc-1, respectively. 

CbOUD K'OHl <««! 

^'H: liliDt, 
N0O Ma9 KM 40C9 K>» 1600 TOOO 

Figure H, Average concentrations of pollutant 
in cloud water versus cloud height 
for different values of the three 
scavenging coefficients. 

In these figures, the triangular marks and 
circular marks are for clouds grown under 
the condition of w. • 50cm/sec, Y « .75oc/100m, 
and w - 100cn/sec, v « SO°C/100m, respectively. 
The sRape of the curve In Figure 8a resembles 
rather strikingly the curve in Flgurr ], in 
which the observational results of the concen
tration of 39C1 in rain water versus precipi
tation rate are shown. It is well known that 
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in general, the precipitation rate from clouds 
increases with cloud height (Figure 9 from the 
paper by Austin and House 0972)). 

Figure 9. 

B 10 
OOTM (km) 

Precipitation rate as a function 
cf cloud depth (after Austin and 
llouze, 1972). 

As is expected, the comparison of Figures 
8a, b and c reveals that the larger the value 
of *, the larger Is the concentration of 
pollQtant in rain water. It should be pointed 
out that the difference of (k/xo) for diff
erent * is large when the height of the cloud 
Is small, and that for the higher clouds the 
difference of (k/xo) becomes smaller for 
different t . This can be explained as 
follows: For the chosen value of <• the 
scavenging processes in the clouds are so 
effective that most of the pollutants are 
scavenged by the liquid water in the lower 
portion of the cloud. On the other hand, 
cloud liquid water is fairly uniformly distri
buted with height as shown in Figure Sb. As 
a consequence the difference of the average 
values of (k/xo) become smaller for different 
«- in the case; of higher clouds. It should 
also be pointed out that for smaller values 
of * , the dependency of (k/xo) on the depth 
of the cloud becomes smaller. This reflects 
the fact that the time required for the pollut
ant to be scavenged by cloud water Is longer 
under inefficient scavenging processes. 

The scattering of the values in the fig
ure can be explained by the fact that each of 
the model clouds was grown under different 
environmental conditions, 
(v) Average concentration of pollutant in 
cloud water as a function of total liquid 
water condensed, 

In Figure Ida, b and c, similar to 
Figure S«, h and c, the average concentration 
of pollutant in cloud water versus the total 
liquid water condensed in the clouds is 
presented. As has been shown in Figure n, 
the total liquid wator condensed In the cloud 
increases with Increasing cloud height, 
Therefore, the shapes of the curves In Figure 
10a, b and c are similar to those in Figure 
Bn. b and c, 

J*M 

t— 

•00 

too 
1*0 

MP 

-"too 

-tr- « * 
£mpfitW ******* 

• « , • » «tVMt, VOft*</iOO* 

• «, *»0 «•»'••*> T, <a n'c/too* 

• •onoi.-sV— 

v^ vA^r frV*-
-T?I ii a » 

Figure 10. Average concentration of pollutant 
In cloud water versus total liquid 
water condensed in the clouds. 
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Atatraat 

lalaetaa' telly laaplatha far t a t i l aut-
aaaaat aartleulata aa* auaatatai ttaea 
eaataataaata ara aMlyaaf far aeaMpharle 
traaaaart eharaetarlruaa. I t la peaalala ta 
cWarly laalata i-.tt»l» a»M-aula ataMaharlc 
traaapart oa**<ctarUtlea (raa alagla aay 
laoplata r ^ l y a l i ravaala aaly araa aaurea 
poUutl'.d Lavala, aat polat aaareaa. i t la 
aMtvlataf that aalat aaarea laaatltlcatlaa 
frea afaaiaarla traaapart aattaraa eaa aa 
•cLlava* Mly fraa aaaurata haarly aataara-
lagUal aata, la eoajaaotUa vita ttaavn aalat 
aeutea tavMtory attaagtha, aa* aaaar aavlraa-
Hotal eeailtleaa that aaaaatlally allaUata 
raflaatatlaa f n a tarnat r la l aurfaeaa. 

jKiyJpjtlct 

Tha ataa araaal tha aaath aaf of l*k« 
Mlehtaaa la aatraaaly eaapUa fraa aa 
ataaapharlt traaapart vlaaaalat. Than a n 
aavaral Mjar tarnatr la l aarfaaa faatana 
that aeaaaat far thla taapUalty. Thla 
netaaajalar aaaanahlaal ana aaaalata af 
about half laaf *m half aatar. (laa flawra 
1.) tha Laha Hlehlaaa ahanllaa thaaaat a 
f a l l l « l * U arlaatatlaa fraa alaaat aarth-
aaath ta aut^atat thaa ta aaath-aarth aaala. 
A ualaua tapaanphla faatan la that af 100 
ta 300 faat alavatlaaa rlaa avar tha flrar. 
S ta 10 aalaa f n a tha Uha Wthlaaa ahan
l laa. Thla la aaa ta tha araaaaaa af a 
l l a c U l aanlaa that tamaafa aaah af tha 
aauth aaa af Laha Mahlaaa. rartaar, tha 
last aaa la highly varta* taat f n a vrbaa, 
aubarbaa, lataaatlva laaaalrlal araaa, aa 
aall aa aaaa eaaacry. 

Ipnfaaaar, Paaartaaat af Aaraaaay. 
*a»taanh Aaalataat, Oipanaiat af Agraaaap. 
3Qr«auata I M true tar, Dapartaaat af Agraaaay. 
*Aaaaclata Ptafaaaar, •aaartaaat af llaautla-
aalaa. 

tataaalva "haat lalaafa* aaf "Mat alak«H 

ar eaM anaa aalat aaaaaaa af thaaa highly 
varlaf tarraatrlal aartaaaa. Tha aatar aur-
faeaa a n aalaar thaa tha laaf aarfataa la taa 
aprlat aaf taaaar but aaraar la taa aataam 
aa* aiatar. Taa City af Chtaaga aaf aaaa 
haavlly laduatrlal araaa praaaaa "haat talaaaa" 
valla taa ratal araaa praaaaa "Mat alaka". 
All af thaaa aataral ar aaa^aaa (aaturat 
pnaaaa May ahaarvakla aaaa-acata ataMaharle 
c lna la t laM. 

la taa ana anaaf tha aaath aaf af Uha 
Hlthlaaa a laat-laha braaM, alallar ta that 
af laaf-aM hraaM altaalatUa. aaaaaaly 
aatita. Aa abaarvabla "laha fraat" la attaa 
praaacM aa tha laai aran aurlag ataaay uaaar 
May ayaaptle aaafltlaaa. Thla aalaaa fMtara 
af taa gnatar Chlaaaa ana M l l l M t n t a i la 
a/tsar* I W ! <9?<ssste£ by Lysss Is 1*73 (J) . 
A "laka fraat" aky la l l laatratW la r igun 3. 
Tata phattgtaph WM tahaa Ottaaar 30, 1173 
M I M M , Taa Ohlaaaa Uha W i M a i i ahara-
1 1 M la ahava la tha Earapnaal. 

Tha aat naa l t af a l l t h i n aaatnatlao 
t a m a t r U l aarfnaa la tha M l a t i a n af 
aaay M n - m l a ataaaaaarla Mat ayatan aaf 
traaaaart pat tana . Parthar, thaaa pattana 
• M ahaapja ahaaat haarly aaf BMrly ataaya 
ahaaaja fraai aaa aay ta aaavaw, Thanfan, 
avaraolat awr t l M aarlala af aawa taaa a 
f w heata prafaw affaau chat utu llhaly ta 
h» aaaa raaalta that rapnaaat aavaral 
aeaaaaharu traaaaart l aa f l t l i a i . 

la M atMapt w U a U n aaf axfiritaaf tha 
affaata at aha aaap aaaaaaharl* traaapart 
aattana M air aaallty, lattvlaaal my* M 
tha V . I . lanlriaaaMil P n t M i U a l a w i (aTA) 
aaaarvatlaMl aahaiala fat tatal aaaaaaaaf 
parttaalata (TIT) M M aaalyaaf avar a 11-
aaath parlai. •aaalu far aan Mlaitaf aaya 
fiaai that affart m n p i t t i f hania 1 1 1 M -
tratlat aaaa af tha hMta aaccaraa af ataaapharlc 
tnaapirt la tha acaiy ana . 
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Figure 4 ahowa tba IMMIOM of all high-
VOlUM a l t *M»ll»t f l t M U«0d U tbO BMly i l l . 
Tha laapUth aaalyalt far TIT aa m i l i t (or 
traoa mtala vara praduaad U*1% data froa 
coupling tttaa or polata tlWttratod (a 
Figure 4. Tka loaplatha rapraanatad 1B tha 
varlaua flguraa vara dram uelag llsaar Intnr-
potation bacwoaa altaa. All avallabla alta 
datii vara waad in aaah cata. Thaaa data vara 
aaaurad frao 12 air aaapllog altaa through 
ttwi cooperation o( tha fallowing aln* agaBelaii 

1. Dlvlelen •( Alt ralUtlon, itata board of 
•aalth, itata at Indiana. 

2. Dlvlelon of Air Pollution Control, city of 
Gary. 

3. Dapartmat af Air Quality Control, city of 
laat Chicago. 

4. Air Pollution Control Dapartaent, City of 

S. County Health Dapartaent, Laka County, 
Indian*. 

4. County Health Departaunt. Porter County, 
Indiana. 

7. Dlvlelon of Air Pollutloa Control, Michigan 
City, Indlaa*. 

I. Dapartaeat of tnvlro—intal Control, City 
Of ChlaBge. 

t. Cook County, Daaartaaat of KavlroBMntal 
Control. 

Hetoerologleal aata ware obtained fro* tha 
HatlOBal Weather Sarvlaa. Flguraa rapreaentlng 
•ally lsaalath aaalyala contain aatlaatoa of 
tka aoaa H-hour wlad epoed aa M i l aa tha 
reeultoat wind epaad, la aoh. Tkaa* iwabero 
appear balaw tha 24-hour aeaa ulna' direction 
la tbaaa flguree. Also, thota flgixee 
repreeeatlug dally aaalyala contain aaaa 24-
hour toaaoratura 1B dogrcec Fahreaiialt. Haan 
valuaa for wind and teaenrature uara derived 
fraa hourly valuaa. Tha reeultant wlad la 
tha vactor aua of ulni dlreetlaaa ana epeede 
divided by tha aoaber af ebeervar.leae. 
keeultaat wind epeed will aauel iiean wlad 
epaad uhoa tka wlada ara from only oaa 
direction for tha 24-hour aaaaUnft period. 
Thua, tha raaultant wind epoed la a aaaaura 

of tha wind dlraetlon eonilatancy. 
A "oat day" la a day In which at laaat 

0,10 Inehaa of precipitation wae racordad at 
Kldway Airport In Chicago. Tabla 1 report! tha 
praelpltatloR aaount racordad by tha National 
Uaathar farvlca, Chicago, Hldway Airport for 
Flguita i through 14. 

Tabla l. Praelpltatlon raeordad at Chleago'a 
Midway Airport on tha day of total auapandad 
parttaulata aaaauraaanta aa wall aa thraa 
daya pravloua for aach •tuple day raportad In 
thla itudy. 

Flgutea Data Praclpltatlon 

5 4 6 Jan. 28, •73 0.02" 
Dry 27 T 
Day 26 

25 
0.00 
0.00 

7 4 « Apr. 4. •73 0.13 
Wat 3 T 
Day 2 

I 
0.04 
0.2J 

9 & 10 Jan. 16, •73 0.00 
Dry IS 0.00 
Day 14 

13 
0.01 
0.00 

11 4 12 Jan. 10, •73 0.00 
Dry 9 0.00 
Day 1 

7 
T 
T 

13 4 14 Har. 5. •73 0.33 
Mat 4 0.02 
Day 3 

2 
0.01 
0.26 

* Traca, laaa than 0.01 Inchea. 
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Each (lath lay iurlaf « (Ivan south la 
ia i l iaatai • • «a air quality abaarvatlaa at 
MaatiraMM 4ay ky tha U.I.-B>A. Thla 
•taaiarilaai lekaiula praiwiai a caaaoa 
okaarvattaatl 4»t aaana, tha alaa aaapatatlai 
atata aai laaal aaaaalaa M tour ca flva iaya 
aaah aaath. Uah a( thaaa BA tabalalai iaya 
wara aaalyaal (at 1171. lavaral aaapla laya 
hava baaa ahaaaa iur la i Jaaaary, Mirth aai 
April af l»7J ca lllaatrata aaaa • ( tha 
ataaapharla eraaaaart akarMtarlatlaa la tha 
atuiy araa. 

Ta illuatrata tha atfatt at ratlaatatlaa 
an Tir aai tka traaa aatal taialya n a m 
January H wttk April 4, 1P7J, rapraaaatai 
by Plgurat J, a, 7 aai I . Iha aataarala|laal 
traaapart aaallttaaa ara alawat Maattaal 
aaeapt for tarraaerial aarfaaa aaailtlaaa. 
On Jaauary M tba U a l aatfaaaa U tka ataly 
araa ara i ty aai an Aarll 4 tfcay ara wat 
(aaa labia 1). Oa bath laya tha wlaia ara 
ataay out • ( tha Marth at MO*. Iha avaraga 
via l aaaai la aaar 15.S apk. lath laya hava 
lOOK claui cavar tilth aaar aavtral atablllty 
caaltttaat aalatlas avar aaat • ( tha 24-bvur 
okaarvatlaaal a w l * ! , tarfaaa taaparataraa 
raptaaaat aaly a oaaaarvatlva aaaaaaal ckaaaa 
off Uka Mltklaaa vatar aarfaaa. 

Tha oa-akara traaapart af air pallutaata 
aa rapraaaatai ky TIP valwaa raaalt la 
alallar aattara* aa batk aaya (taa Plfaraa i 
aai 7). Hovavar, tha aaaatral laiaata ara 
23 ta SOI hlgbar a* tha I ry lay, Jaaaary 21, 
whaa caaaartl ta tha wat lay, April * . 
SMtUr ratatlva Itffaraaaat aalae far tha 
caaatva iataralaatlaaa (aaa Pltwtaa t aai • ) . 
Slaoa hath laya hava vlat apaai m i l akava 
tha cr l t laal laval far raflaaeatlaa, I t la 
aaaunal that Utfacaaaaa af thla aafaltaaa 
•uat ha largaly 4m ta rafUatatlaa ( I ) . 
Tha waakly aaaallaj 4ay alia aailtlaaal 
valUlty ta thla aaaaatlaa. Jaaaary 21, Iff71, 
Ma a fwaiay whlah aaaally aratacaa lawar 
araa aaarea aalaaiaat af Tl f valvaa tbaa 
othar iinhliya (a) . Tha aaapllai lay af 
Aarll 4, l t71 , aeaarral am a Waaaaalay. 
Furthar, I t akawll ha aatai that rathar law 
TIP valiiaa vara aattarai ta aaat araaa wtthla 
tha City ef chlcaaa far tha vat lay, Aarll 4, 
vhlla tha ravaraa la t n a far tha lay day, 
Jaawary I I . Alaa, thaaa aarth aa'thara visi t 
with mp*i flaahtag apaaia praaaaa aaallar 
araa«aaaraa pattaraa aa tha wat day far hath 
TSP aai oawBtaa aaaaata. Flaahlaj wlaaa 
laeraaaa TIP eoaeaatraclaa by laaraaalaj 
•lxiag aai lataral traaapart af alrkaraa 
pollutloa (5). 

UtMa fraa tha aauth ao* aaathaaat varylaa. 
fraa 100 f 200* la etmf— raailaga rayraaaat 
tba ravaraa tyaa af ataaaabarla ttaaaaart 
arauat tha aaath tut af Uka Mlahlgaa. Thaaa 
wU4i yraaaaa aff-ahara traaaaart alaaj tha 
aharallaa arlaata4 laafwaat whara aaah haavy 
laaaatrlal aavraaa aalat la aarthaaatara 
laalaaa aai la tha aatraaa aaathaaatara araais 
af Ohlaaai. Tkla tyaa af traaaaart <ay ta 
raaraiaatai la ritwraa t aai 10, far Taaaaay, 
Jaaaary M , 1*71. 0a thla aaaala aay tha 
wtaif wara aaailttaatly aat af tha M l at IfO* 
at U.J aah. I t waa a *ry aay with aaar aautral 
•taklUty a ailtlaaa. 

fuak aataaralaaUal ttaaaaart taatltlaaa 
laarava a l t quality aaailtlaaa la tha baavlly 
laaaatrullaai araat af MM lailaaa aai I t 
araaa af Oklaaaa. Thaaa aaailtlaaa affaatlvaly 
flaak thaaa haavy aawraa araaa, ttaaaaartlag 
•allwtlaa avat Uka IHahlaaa whara thara ara 
aa hlaA-valvoa aaaalara. At tba aaaa tlaa aa 
taaraaaai aatarlaratlaa la air aaallty, *i 
•aaaarai hy raiarlai TIP valaaa, la abaarval 
fraa tha Uaa ana aarth la Obltaaa (aaa 
riawra f ) . Ihla attwatlaa wi l l ha araaawaaai 
I f tha wtai M I H i ara abava 10 aah with 
aarfaaaa *ry. iwah laailtUaa acaaaaa 
ratUaut laa walab aaaU maaat far hlfa 
valwaa af TIP aa Jaaaary la , 1173, la aarchara 
part 1 Ohlaaaa aai Oaak Caaaty, l l l laata . 
Thla iaaaatlaa 1< atraattaaaai by tha fact 
Chat aa vat aaya with atraai aawtb ta aawth* 
aaat wtaia TIP valwaa ara lavat aai avah aara 
walfat* avar tba aatlra ataa> araa. 

Tha aavalwa lavaU aaaaaUtai with TIP 
aaiaiiraaaata wara high la tha M taiaatrlal 
araaa af Ohlaaaa aai la tha aartbara araaa af 
tba City (aaa Plaara 10). Caiatva, aa wait «a 
tha atbar traaa aatala alaa, laai aai aappar, 
laaraaaaa la hl|h-valwaa pal TIP aai iar—at 
aa i ry iaya wttt atraai aff-akan M a h ftaa 
tht aaath aai waat. aay* wttfe aa-ahara wlaia 
fraa tha aarth aai aartbaaat, avaa aa iry i iya, 
ahav aaah lawar H i a t a l lavila. Thaaa raaattt 
(aaapara riawraa t , • aai 10) aafajM that a 
eaaalattabla aaaaat af traaa aatala aa aaaaarai 
by TIP aatahaa aa blab-valaaa paaa I f raflaacai 
fraa aal l , atraat. aai batUtas aacfaaaa 
wlthla tha arbaa aai aakaakaa aavlnaaaata. 
Parthar avliaaaa la ravaalai la Plaaraa * 
aai 0 abawlas btaaw aaaataa valwaa aaly la 
kaava aawraa ttrf with aa-abara aarcb wtaia, 
bat amarally aath lawar valwaa avat tha 
aatlra araa. 

Flawraa 11, I I , 1} aai 14 lllwatrata 
aaaapUa af iaya with alraat aa-ahara aai 
aff-akara wlaia fat aaat af tha highly 
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Figure 7. leeploth aaalyala far total 
tuopoaioc' particulate aa A April, 1*71. 

Figure I . Iaaplatk aaalyala far ceialuB 
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PlWira t . laaplath aaalyala far tatal 
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Pl|vra 10. taaplath aaalyala far eeeuiua 
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Pleura 12. laaplath analyala far aeialtat an 
It January, If»». 
Plaura II. Iao)>loth aaalyola far total 
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Figure IA. tooploth analyala for catalun en 
S Hareh, 1*71. 
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PHYSICAL MODELING OP Till: TRANSPORT OP AUTOMOTIVE MISSIONS IN A CITY STREUT CANYON 

0..;. Lombard!* 
R.S. Thompson* 
J.li. Cormak*' 

Abstract 

Measurements of tracer-gas concentra
tions were nude over a physical model of 
downtown Port Collins, Colorado placed In an 
environmental wind tunnel. The tracer-gas 
was released from two line sources to simu
late two lanes of traffic along the main 
street . A thick turbulent boundary layer 
with neutral thermal stratif ication was used 
to slsiulate the atmosphere. Steady-state 
mean concentrations were measured in a street 
canyon and on the building faces forming the 
canyon. The non-dimensional concentration 
coefficients determined from the laboratory 
data were compared to those obtained from 
prototype data. The s i t e of concentration 
data revealed similar trends; however, since 
only one set of field data was available for 
comparison fh*» Henree of <Hm11flrify cannot be 
cvalutitod ut this time. 

List of Symbols 

LT 

'.-I 

measured concentration 
local mean wind speed 
longitudinal wind velocity 
fluctuation 
mean free-stream wind speed 
street width 
source strengtli 
source length 
dlmensionless concentration 
coefficient 
Height 
bounder" layer thickness 

Subscripts 
1 denotes laboratory parameter 
f denotes field parameter 
M - mass; T - time; L - length 

Introduction 
The levels of pollutant concentrations 

produced In city street canyons resulting 
from contaminants released in automotive 

•Graduate Research Assistants, Plutd 
Mechanics Program, Colorado State University 
Fort Collins, Colorado. 
**Professor-in-Charge, Pluids Mechanics Pro
gram, Colorado State University, Fort Collins, 
Colorado. 

exhaust has become of much concern in recent 
years, Physical modeling of atmospheric 
dispersion over urban areas the site of a few 
blocks to square miles will provide reliable 
Information on the buildup and transport of 
atmospheric contaminants. 

The physical modeling approach is pre
ferred over field Investigations because It 
is much less costly and geometrical as well 
as meteorological parameters can be varied 
systematically, Meteorological parameters 
can be controlled and adjusted In a wind 
tunnel while In a field study experimentalists 
must wait for nature to provide the critical 
combinations of wind speed and direction 
which are of most interest. The complexities 
of topography and irregular building shapes 
and orientation make computer simulation of 
flow patterns very difficult in most cases. 

A paper presented by the same authors at 
the First Annual Trace Contaminants Confer
ence discussed the techniques and limitations 
involved in performing an atmospheric dif
fusion study in a boundary-U'yer wind tunnel. 
The similarity conditions which must be met 
were discussed in some detail. For more 
information on these aspects of physical 
modeling sec Cermak, J. E. et al,' 

Recently others have examined the nature 
of urban diffusion using the physical modeling 
approach. Jacko et al.' examined the effect 
of d r y geometry on the ground-level disper
sion o. air pollutants, Hoydysh and Chin 3 

performed a theoretical and experimental 
investigation of pollution dispersion In 
street canyons. 

This paper describes a study of auto
motive emission dispersion in a model of a 
single street canyon--one city block of 
downtown Fort Collins, Colorado. The Atmo
spheric Science Department of Colorado State 
University performed a full-scale field study 
In this block which provided a data base for 
comparison of full- and small-scale results.4 

The primary objective of this effort was to 
determine the degree of agreement between the 
physically modeled concentration distributions 
and the full-scale distributions. 
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Model Details 

A 1:200 scale model of • lb-block a r » 
of downtown Port C o l l i n * , Colorado, was 
studied in the Colorado State University 
(CSU) Environmental wind tunnel! iset F ig . 1) . 

Thl * included the street-section of Fort 
Col Una analyzed in the Atmospheric Science 
l lepartMnt, CWI, f i e l d study (aee Fig. 2 ) . 

The nodal waa conitrutted primari ly of 
ityrofoem, Face» of the buildings along the 
one-block portion of the e t r t e t of primary 
concern ware made of piexlglaa ao that, 
t a a p l i n i porta could be d r i l l e d into the*. 
Small blocka one-Inch equare ahown in the 
background of F ig . J ware uaed a lonj the 
upwind fetch to develop a suitable boundary 
layer. Theee block* ware scale1* t o . t h * 
roughness of the raaidential area surrounding 
the buainoaa d l a t r i c t which wa* atudied. 

Automotive emissions were almulated with 
the raleaaa of a d i lu te mixture of Krypton-IS 
in a i r . Two Una aourcea the length of the 
c i ty block were uaed to model the t r a f f i c 
lane* of the a t reat . The line-eource con
struct ion shown in Fig. 4 wa* *uch that the 
tracer gat was emitted from the source with 
negligible veloci ty . 

Tracer-gaa sampling port* were" d r i l l e d 
into the building face* and the building top* 
a* shown in Fig. S. Street-center concen
trat ions were sampled through small brass 
tube* mounted through the street surface as 
shown in Fig. 6 . Sampling ports on the 
building face, building top, and street 

•Mb. 

center were arranged to permit measurement of 
concentratI on* in three cross-sectional 
planes: one in the center of the block with 
taps corresponding to location* sampled in 
the f i e ld study, and two others at locations 
where the building shapes di f fered from those 
at the center of the block. In addition to 
these street-canyon ssmpllng locations a 
portable vert ical rake was placed downwind of 
the street to determine the v e r t i c i l concen
t ra t ion distr ibut ion within the contaminant 
plume. 

Velocity Measurements and Flow ViaumlitmIrwi 

The mean velocity distr ibut ion within 
the boundary layer over the model was mea
sured with a pl tot tube. The p r o f i l e * for 
several locations upwind and over the street 
canyon ver i f ied that the boor ; iry layer was 
fu l ly developed. Vert ica l pi o f l i es of mean 
velocity and turbulent intensity d i rec t ly 
above the center of the street canyon were 
measured with a hot - f i lm anemometer. As 
Indicated in Fig. 7, the mean velocity In
creases as the O.J power of distance above 
the lero-displaceaent plane. Figure ft 
shows the manner in which the turbulence 
Intensity Is IS percent at the building 
height (- 6 en) nnrf »ircrea*e« to I nerc ' i t 

' "at the «0 cm leve l . 
Stace no lomporsture s t r a t i f i c a t i o n 

was Introduced in the tunnel flow only a 
neutral ly-stable atmosphere was modeled. 

Flow visualizations were made by placing 
continuously emitting point sources of it 

• « . ' ! • 
_ turn » • ! • I.lie 
^ ~ ^ 

ffiliMIt^ 
•.**•. 

j 

f LftfL 

FIG.1. The Environmental Wind Tunnel, 
Fluid Dynamics and Diffusion Laboratory, 
Colorado State University. 
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FIG. S. Scale model of Fort Col l ins , Colorado. 
Scale is 1:200. 

IC. 4. Section of the c i ty wlwrt concentra
t ion aea»ur«arnt* nere sad*. Line aourcea 
w i » eafeedded In the atreet surface and 
swaplini: p o m were insta l led for >uch ara-
sureacnts 
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FIG. 5. Gat laapling port* In the building 
fact! and building top. 

FIG. 6. Street center limplinj ports. 
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FIG. 7. Mean velocity profile over the aodel. 

•0 

60 

40 

SO 

000 005 0.10 0.15 

FIG. 8. Turbulence intensity profile over the 
model. 
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>Mke producing chemical it variou* potnti on 
the ttreet turface. Several intereating 
atpectt of the velocity field in the street 
cinyon were observed. 

One of the more pronounced observations 
was the existence of i vortex notion In the 
street canyon when the ttreet was oriented 
perpendicular to the wind. Thli was also 
observed In the prevloua study of a noI for* 
city with such deeper street canyons.1 The 
ratio of bulMini height to street width for 
the sampling area waa approximately 1:4 
whereat the ratio for the uniform city was 
1:1.1. 

Interest Inn fl»« Mat observed when the 
mean wind wai set at an angle of «5* to the 
ttreet—the southeast wind direction. Por 
this wind direction the vortex notion took 
the font of a twirling helix traveling down 
the street. Motion near the street surface 
wat toward the northeast. 

The building located at th,< northeast 
street corner is the tallest building on the 
street. It la approximately twice at tall at 
neighboring buildings. A strong updraft 
exists along the face of this building as 
shown in Pig. 9 for a wind direction, This 
updraft entralna smoke from the opposite side 
of the ttreet and from neighboring butIdlngs 
nearly one quarter of a block away. 

Non-dimensional laboratory concentration 
coefficients were expressed in the form: 

where (', 

uol 

is the measured concentration, 
M L - ' 
it the free-stream wind speed, 
1,7- ' f 

W. is the street width, L; and 
ql/L, it source strength per unit 

1 ' length, MTU"'. 

Concentration data were taken for seven 
wind directions, The most complete tet of 
field data was obtained for a northeait 
wind--the following discussion will be 
restricted to this case. 

In Figs. 10-12, concentration coeffi
cients are shown for the street canyon 
sampling points at the three cross-sections 
where data were taken. 

1 
•aa 

«« eeo 
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" H I act 
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FIG. 10, Won-dimensional laboratory concen
tration coefficients for the north cross 
tectlon of the block, Wind it from the nortli
eu t. 

FIG. 9. Smoke tracer showing updraft on face 
of tallest building. Wind is from the south
east. 

Concentration Measurements 

Gas samples were drawn through each port 
in the street canyon and collected in sepa
rate retaining bottles. These samples wen 
then analyzed individually to determine the 
contaminant concentrations at the specified 
locations. The procedure Is discussed in 
more detail by Chaudhry and Cermak.5 
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FIG. II. Non-dimensional laboratory concen
tration coefficient! for the touth cross 
section of the block. Wind is from the north
east. 
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FIG. I.'. Non-dlmtnslonal laboratory concen
tration coefficient for the center from 
•teflon of tht block. Wind I t from tit* nortli-
O i t , 

In tht north cross •tetlon, Pig. 10, tlu 
sdvectlvo tfftct of tht H H I flow i» revtsied 
by tht dlitrlbutlon of turract concentration 
coefficients. A currtnt of air not mixed 
with tractt u s tnt t r i tht street canyon from 
tht north and ventilates tht western building 
facta since thtrt are no buildings directly 
upwind to resist flow. Updraft on tht eait 
fact of tht large building for a touthtait 
wind nottd by flow visualisation la alio 
prtitnt for tht northtaat wind. This air 
motion cauita tht hlfhtat conctntrat Ion to 
occur on tht fact of tht building and have 
valuta more than 20 times tht valut found 
directly across tht atratt. I t I t noteworthy 
that tht vertical gradient of concentration 
on tr.lt face i t m i l . Alio, the rooftop 
concentration l i 9 percent of the maximum 
obttrvtd at atrttt level. 

At tht oppotltt tnd of tht i t r t t t tht 
amount of ventilation by tractr-fret air I t 
imall. Moat of the air entering thla south 
croat section hat entrained a large amount of 
tracer-gat ingredienti while traveling thi 
Itngth of tht line aource. Mining la very ef
ficient during thla tranaport procoaa ai 
evidenced by tht uniform concentration d i m i 
nution ahown In Fig. 11. Tht ratio of east-
aide to wett-aldt concentration coefficient! 
la about 1:3 at compared to 1:20 at tht 
northern cross section. The street-center 
concentrations are also higher due to the 
accumulation of tracer gas 'as the flow pro
ceeds down the street. I t Is alao Interesting 
to examine concentration coefficients at the 
rooftop level. On tht western rooftop this 
value I t nearly the same as that found on top 
of tht ta l l building at tht north tnd of tht 
street. 

Tht center cross section, Fig. 12, cor
responds to the section of street examined In 
the field study. The roof-levol concentra
tion tht •sstem aide of the street Is very 
small. On tht western side of the street the 
concentration la again close to that on top 
of the tallest building. The ratio of west-
side to east-side concentration Is about l:S. 

In nummary, for a 45* orientation of a 
street lo the wind direction, the following 
characteristics of the flow pattern were 
observed, where contaminant free air enters 
a «treet canyon, low contaminant concentra
tion levels occur. The helical vortex, 
swirling down the street transports street-
levtl contaminants towarr'. the unwind building 
faces. Tall upwind buildings enhance the 
updrafting motion of the vortex, These 
mechanisms produce higher contaminant levels 
on upwind building faces, Mixing of the 
contaminants as they are transported down the 
street results In more uniformity in concen
tration levels at downstreet cross section, 
Hooftnp contaminant levels can be on the 
order of 10 percent of the maximum concentra
tion level* on the street surface, 

Comparison of Model Data and Field Data 

Hie raw field data for the center 
section are presented in Fig. 13. Meteorolog
ical parameters, vehicle rate, and carbon-
monoxide concentrations in parts per million 
arc included. To relate concentration 
measurements to source strongtli in « form 
which can be compared to the non-dimensional 
concentrations obtained In the laboratory, an 
nutomntWc emission factor is required. 

1 r 
FIG. 13. Raw field data for the center cross 
section of tht block. Values are carbon 
monoxide concentrations measured In parts per 
million. Wind Is from the northeast. 

An automotive emission factor of 112.5 
grams of carbon-monoxide per mile was assumed. 
Emission fsctors for specific locales are 
difficult to estimate correctly. This number 
was based on emission factors for light-duty 
vehicles at high altitudes, corrected for 
avtragt vehicle speed.6 Multiplying by the 
vehicle rate glvtt a line source strength 
with dimensions of ML-lT'l. 

No background concentration was present 
In the wind-tunnel flow. The field data, 
however, Included contributions of CO from 
upwind sources. To compare the field and 
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laboratory dlitn the f i e ld background concen
t ra t ion itah removed. \ote that the labora
tory lonccnt nit Inn on the eastern rooftop was 
negl ig ible , I'hus, the f i e l d concent rat I on at 
the corresponding point I3.b ppml was 1 aKen 
to he the hack ground tuloe and wan subtracted 
frinii concent rut Inns at a l l other data point*, 

A free-HI ream wind speed for the f i e l d 
experiment In not avai lable, lo compare 
f i e ld concent ratIons with laboratory concen-
1 i;it lull" a ftec-st ream wind speed mii«l he 
CM limit i'il. Al one location at rooftop Unci 
in the street center, velocity measurements 
are made fur both the f i e ld iiml Inlioiiitm> 
studies. Hie rat io of the froe-strenin 
laboratory measurement to the measurement at 
this location can be applied to estimate the 
free-stream f i e ld veloci ty . This ra t io I* 
l.iTi which upon mult ipl icat ion by the f i e ld 
wind speed at th is location Riven a free-
stroom wind speed of J.O m/see. 

Non-dimensional f i e ld concentration 
coef f ic ient ! were formulated as follows for 
comparison with the laboratory coeff ic ients: 

"f 
f o f f 

f ^ 
where l! . Is the measured concentration 
[expressed In grams per cubic meter! minus 
the background level; U f is the mean r rcc-
strcom wind speed In th8 field; s'r Is the 
actual street width; and Qf/i-f defines the 
source strength per unit length of the street 
in t i e units grams of CO S"'nr l. 

Hie non-dimensional field concentrations 
are shown in Pig, 14. Ilatlos of laboratory 
concentration coefficients to field coef
ficients are presented in fig, IS. 

'f 
IJO i» SI 5 

6 « iao SIS 
K< i l l» «T8 

V'lQ, U. Non-dimensional field concentration 
coefficients for the center cross section of 
the block. Kind is from the northeast. 
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I lu . 15, liutio of iinn-dlmensional laboratory 
concentration coefficients to non-dimensional 
f ie ld concent rut ion ine f f i c i en ts . 

I'lsciisslon 

The ratios uf the laboratory concent ni-
tlon coefficients to the field concentration 
shown In llji, IS dew ate from unity, and 
there ure several reasons why these devia
tions exist . The field samples that wore 
taken were IS-minute samples. During this 
period the wind direction probably varied and 
the wind velni'ity w:i« not constant lrmi«vi-r( 

in the wind tunnel these parameters did 
remain constant, Furthermore, the motion of 
automobiles In the streets was not modeled in 
the laboratory. This motion could alter the 
flow patterns in the streets . 

There are also some uncertainties con
cerning the emission factor used to normalize 
the datu from the field measurements, The 
number used was an average value, as mentioned 
above, but it did not include the effects of 
parked curs Idling in the street, Alio this 
number was not a weighted average incorporat
ing corrections for vehicle age, vehicle type 
(light duty, heavy duty, e tc . ) or vehicle 
make. 

Finally, in correcting the field data 
the background level used for CO was not a 
constant as it was assumed to be. There are 
contributions from several nearby streets and 
intersections that produce a non-uniform 
background in air entering at different 
points of the street canyon. 

Concluding Remarks 

Tile results of this study show thu'. <;• 
using the physical modeling technique, tl ? 
concentration levels at vorious locations in 
an urban street canyon can be estimated with 
sufficient accuracy to reveal the effects of 
wind direction and street canyon geometry. 
This method is applicable to any passive 
gaseous contaminant or trace contaminant 
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»,iii.'ti Jitf* tu't -i-Mli' dpprivi ulily and dli*-
•vr*i'- ,f. .1 nani.uis contaminant. 

\M >uu'»t lf,.it ion iif thin t yiH' revo.'tlii 
.. u IV t'll ' f l l t lht '*! I ' i l t l ivnt Tilt i o n * Itf IH'l t u t a i l l * 
. . i l l i- x l «t .mil uh.ll III- .'I'lVi'tn "<' lllli IdlMK" 
" .11 ft'i'h'iil ,..' niiii-1 i'i,' • h i l l IK- on till' pollut-
•'! 4iiiii'i'«! rni urn W'U'W. I iii'lliertiu'rv, Iht" 

1. I.It I .HHIUP ll l 'thl' l ' l , |Mt»''t>'l' l'.HH'1'ht f l i t ll'M 
l.'H'l" .lllil tl|ii«i' Hint i'»l«t III the «tl'l'l't» 
. .n In' 'iiit ,iin >' i" ili'tiTHiiiii' uln't't -leu 11 mi-
"i.ilMi I'rt'it' ,II i -H'I.II 11 \ "i,'iiH<ti't» nl.ii't-d mi 

''Ml I I I I ! ' I " " * , 

Ai-knuhU'il̂ iiR'tit 

Hi in i'1'fp-t wan mndo piitalhlv t h rautth 
vuppnrt of thf .iitiomi) Science Inundation, 
i.i'.mi '.iimlH'i' i I..VI8H-X. 

l\i' also • l*h In thank Me. Paul katon of 
i ,>li>r;iUi> stntv llnivcrniti fur milking fli'ld 
.'.it.-i .-it .ii liihlv. 
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LONG-PATH AMBIENT-AIR MONITORUM KITH TUNABLE L A K M ' . u - * -
PARTICIPATION IN TNI IT . LOUIS REGIONAL AIR POLLUTION ITUDY (RAPS) 

Of THE INVZMNNnR'AL pIoTICTION'AOlicV* * 

E. D. Hinklay and R. T. Ku 
Lincoln Laboratory, Naaaaohuaatti Imtitut* of Technology 

Lexington, Maaaaehuaatta 0217) 

AJtfjrjot 
Tlia raaonanoa abaorptlon technique 

employing tunable semiconductor dioda 
laaara haa boon utilised to perform 
integrated-path Monitoring of atmos
pheric pollutant gaaea ever long die-
tanoaa. Raoant meaeureaMnta carrlad 
out in Naaaachuaatta ahowad contlnuoua 
laaar monitoring of ataoapharic CO to 
have a aanaitlvity of a few parta par 
billion over a 0.4 kilometer path. Tha 
laaar system haa now baan incorporatad 
into a mobile van and tranaportad to 
St. Loula, Niaaourl to participate in 
tha flrat Regional Air Pollution Study 
(RAPS) of tha U. I. Environmental Pro
tection Aganoy. Tha Main purpose of 
RAPS ia to evaluata varioua mathemati
cal modala for predicting pollutant 
coneantrationa around urban araaa. 
Rinca tha grid alia for aueh modal* la 
uaually of tha order of 1 kilometer, 
a long-path laser technique ia idaal 
for providing tha input data and check
ing modal accuracy. In addition, pol
lutant variability atudiea will be 
performed at aelected aitaa in an at
tempt to underatand raaaona for poa-
aibla difference* between the long-
path data and thoae obtained from more 
conventional polnt-aampling inatrumenta. 

Introduction 
One of the moat promiaing applica

tion* of tunabla laaar* ia in the area 
of detection and measurement of ambient 
air pollutant* (1-3) . Many atmoapheric 
pollutant gaaes, auch as NO, C.H., SO,, 
CO, 0,, and CO., have already Been de
tected by various tunable laaer tech
nique* (2,4-9). In thia paper we will 
deacribe a tunable diode laaor system 
which haa been uaed to meaaure ambient 

* Work aponaorad by the National Science 
Foundation - RANN, with partial aupport 
from tha U. S. Environmental Protection 
Agency - Div. of Chemistry and Physic*. 

concentration* of carbon monoxide ovar 
long outdoor path*. The laaer aource 
waa one of the Pb-aalt ty[ -* 110,11] 
that hava aaveral inherent advantagaa, 
auch a» amall alia and aaaa in wave
length t(inability, compared to other 
type* of tunabla laaera. A PbS|.» s ,x 
laaer waa tailored chemical)- (x«o.l8) 
to operate in the 4.7-ura wavelength 
region in cloaa coincidence with the 
undamantal vibrational band of co 
centered at 2145 cm L12]. Exact 
frequency matching and tuning through 
the CO abaorption Una* waa eaally 
achieved by varying tha injection cur
rent, which change* the junction tem
perature and thu* th* laaer wavelength. 

The detection uaad waa that of reso
nance abaorptlon I 1,13,14] wherein the 
laeer ia tuned to an appropriate CO 
abaorption line, and derivative detec
tion 11,2] uaed to determine the gaa 
concentration ovar tha path. Primary 
irnovation in thla preaant ayatam ia 
tha uae of a commercially-available 
cloaed-cycle cryogenic cooler [IS], 
inatead of liquid helium, to provide 
the low operating temperature (~15 K) 
for the diode laaera; and thia waa an 
important factor in extending the wall-
eatabliahed laboratory-baaed diode 
laaer spectroscopic techniques to the 
practical, fieldable system reported 
here. 

Carbon monoxide ia an Important 
pollutant in the atmosphere today, es
pecially in metropolitan areaa where 
the denaity of automobiles is high. 
(The CO content of automobile exhaust 
can be a* large aa 101 by volume.) In 
addition to their harmful and polaon-
ous effects, CO molecule* play an inte
gral part in the formation and con
version of other pollutants auch aa NO, 
O,, and NO, [le] . Traditionally, t:ie 
amount of CO in ambient air has been 
meaiured by point-sampling instrumen
tation based on conventional infrared 
techniques. However, the limitations 
of these standard methods become ob-
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vious in oaaaa whara tha average pollu
tant oonoantration ovar a large araa li 
naadad. Tha long-path tunabla laaar 
fyatan to ba daaorlbad here rapraaanta 
a davalopaiant In tha diraotlon of a ver-
aatila and rallabla monitoring ayatam 
for auoh in situ ambient-air measure
ments/ •na^wIuT'tha avantual utllliatlon 
of tha now widely-tunable dloda laaara 
r 17 I , aavar/tl dlffarant pollutant gaaaa 
ean ba monitored sequentially. A multi-
pollutant capability would ba extremely 
uiaful alnoa many pollutanti interact 
atrongly with aaeh other, and tha time 
avolutlon of thair oonoantrationi can 
ba incorporated into tha mathematical 
modali, along with mataorologioal and 
topological data, for advance predlo-
tion of air pollution lavala 1181. 

in August 1974 our laaar monitoring 
van was drivan to St. Louis, Miaaouri 
for a two-month parlod of measurement 
of ambiant CO lavale at varioua altaa. 
Preliminary maaauramanta, takan with 
aupport from tha U. S. Environmental 
Protection Agency, will ba diecuasei 
latar in thia papar. 

Field Measurement satuo 
Fiald measurements w a n parformad 

at our Antanna Range naar Hanaeom Fiald, 
Badford, whioh ia located approximately 
20 milaa waat of Boaton. Tha moat ee-
aantial componanta of tha later optical 
system ara indioatad in Fig. 1. Tha 
PbS n o,Sa. , „ laaar waa mounted inaida 

Fig. 1. Laaar optical ayatam for long-
path monitoring. 

a closed-cycle cryogenic cooler, CTi 
Modal 21 ll5 I, and ita emission waa 
ollimated by an Al-coatad off-axia 
parabolic mirror M-l, 12 cm in diame-
t*r. After tha beam waa tranamitted 
over the 305-meter path to a corner-
ube retroreflector M-2, it was re-
.lected back over the same path to ? 
Ge beam-splitter, finally impinging on 
the InSb infrared detector. 

Measurement and Calibration Techniques 
Tunable laser experiments have 

bean performed in various laboratories 
to determine absorption coefficients, 
linawldths, And line shapes of atomic 
and molecular transitions I 191 . Field 
measurements of fata* in the ambient 
air are similar tt, the laboratory 
measurements. For e^implo, transmis
sion Intensity dips causec' Sy CO ab
sorption along the 0.6 km yzO\ (round-
trip dlstanoe between latter aid retro-
reflector) .'it our field site Mere 
easily detected, as shown in Fig. 2. 
In Fig. 2(a) an absorption dip due to 
the CO P(7) line i* shown, indicating 
the presence of this aas along the out
door path. In Fig. 2(b) a very short 
path was used t-c provide an effective 
zero-pym" scan. 

1 1 1 1 1 1 1 1 1 
(a) 

J I I 1 I I I I L 

Fig. 2. Oscillogram of (a) long path 
(0.6 km) transmission of tunable diode 
laser radiation, showing dip at CO P<7) 
line (2115.63 cm' 1) due to ambient CO. 
In (b) the path was shortened by plac
ing retroreflector near collimating 
mirror. Horizontal scale: 075 msec/ 
div. Vertical scales: arbitrary. 
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For any typo of tunable later 
with adoquato •tability and power, the 
major factor! limiting sensitivity for 
air monitoring will bo related to tho 
atmosphere itself. W« found that thor-
mal affect! along the outdoor path were 
tho main cause of optical degradation, 
and ovorcamo those by a unique tech
nique of derivative spectroscopy. This 
method lnvolvei tuning the laser to the 
side of an appropriate absorption line 
of the ga* to be monitored, modulating 
the diode current (hence, the laser 
frequency) at 10 klle, and synehron-
ouily detecting the flrat derivative of 
the aignal. (Under ideal conditions the 
firat derivative will be zero in the ab
sence of that particular gas in ths at-
moiphero,) At this high frequency the 
effect of turbulence ii minimized since 
the atmosphere ii "frozen" In the time 
icale of a few oscillations. The chop
per shown in Fig. 1 prcvidod the "di
rect" transmission sigralt and by di
viding the first-derivative signal by 
the "direct" signal, leng-term atmos
pheric effects [20] (e.g. beam-steering 
at sunrise and sunset) are reduced. 

gas of 1000 ppm of CO (in air) in the 
coll produces the same signal as 164 ppb 
over the long path. Linearity was 
checked by using several different mix
tures of CO in air. 

CO Monitoring Results and Dlsou§slon 
The most sensitive CO monitoring 

performed over the 0.6 km path io shown 
In fig. 3, which represents a 12-minute 
run of the rnttoed signal using the 
P(4) line. The peak-to-peak noise In a 
time corresponding to the integration 
time is no more than the width of the 
recording pen - or 5 ppb in this ease. 

Calibration was achieved using 
the 10-cm cell shown in Fig. 1. Since 
the pathlength ratio during our field 
measurements was 1/6100, a calibration 

Fig. 3. Laser monitoring of ambient CO 
over 0.6 km path using the P(4) line. 
Integration time was 1 sec. 

26 V-» 1974 

\JJM-— 
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<o> 

"ffir 

In-Houss 
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27 May 1974 

4. Laser monitoring of CO over 0.6-km outdoor path on two successive morn-
using P(4) line centered at 2127.69 cm"1. Wind shifted frc-n W to SE at 8 AM. 
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Tha alight increaae in aabiant CO laval 
batuaan C and 9 alnutaa waa oauaad by 
an automobile which waa drivan along tha 
path to generate Mora CO. 

Mvacal maaureaienta wara performed 
eeeentially unattandad for aeveral daya. 
Tha only probleai waa that vertical baan 
utearing ooourrad during tha early Morn
ing and availing houra dua to varying 
fteejperatura gradianta along tha outdoor 
ath. Figuraa 4(a) and <b) wara takan 
n aarly aerning on aucoeaaive daya to 

danonatrata tha ayetea'a capability for 
unattandad Monitoring ovar aavaral houra, 
Tha daahad linaa indicate tlttaa whan 
cheoke wara baing made of tha ayatan or 
whan anoMloua parturbatlona (auoh aa 
aunlight iMpinglng on tha infrarad de-
taetor) oauaad an orronaoua maaauraaant. 
* ganaral riaa In CO laval occurred aa 
eoanut' r traffic ineraaaad toward liOO 
a.M. linoa tha fiold aita la only a 
faw «ilaa northwaat of Muta 121 (a 
Major highway), it ia not aurprlaing to 
aaa a aaoondary lncreaee in CO laval in 
rig. 4(b) whan tha wind ahiftad froai 
ita noma! waatarly diraotion. 

Since tha anbiant CO laval at our 
flald alta waa uaually balow 1 ppa, wa 
did not hava any of tha problaaa which 

ara aaaociated with naarly complete 
abaorption of tha laaar baam at Una 
eantar. In laboratory aimulationa of 
thia condition wa found that tha cali
bration baconaa nonllnaar at high pol
lutant lavala. Thla problam can bo 
avoidad in tha fiald byi (1) tuning 
tha laaar furthar away from Una can-
tar j (2) reducing tha path length; or 
(3) ualng a waakar abaorption Una. 

St. fcouia Regional Air Pollution Study 
In Auguat 1)74 our dioda laaar 

monitoring van, ahown in Fig. S, waa 
drivan to it. Loula, Miaaourl for pre-
lialnary maaauramanta in conjunction 
with tha U. B. Environmental Protaotion 
Agency'a firat Regional M r Pollution 
Itudy. At tha time of thla Traoa Con
taminant a Confaranca a faw meaeure-
menta had alraady baan aiada at tha St. 
Louia Univanity aitai and during tha 
eubeequent tvo-aonth pariod meaeure-
menta wara made at two othar aitaa aa 
wall, in Miaaourl and lllinola. 

CoMparlaona wara made batwaan our 
laaar maaauramanta of ambient CO and 

rig. 5. Dioda Laaer Air-Monitoring Van 
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thoee obta.'nad using bag samples which 
vara fIliad whila walking along tha 
laaac baan path. Oaa chromatography -
wan uaad to determine tha CO concentra-
tiona in tha bag samplea, and aavaral 
coniparitona batwaan thaaa and tha laeet 
measurements ovar a 0.3 km path ara 
Hated in Tabla I. 
TABLE I. Comparativa CO Maaauramanta 

Run No. Later (ppm) Bag (pea) 
1 0.55 0.C1 
2 0.C0 0.C2 
3 0.39 O.SC 
4 l.«S 1.07 
5 0.17 1.02 
6 3.1 2.3 
7 2.13 1.93 
I 0.95 0.(3 

Thara ia ganarally good correla-
tion batwaan tha laaar and bag-aampla 
naaauramanta. In fact, total agraanant 
would ba axpaotad only if tha pollutant 
concantration wai Invariant ovar tha 
antira path. 

Figura 6 ahowa tha CO concantra
tion in St. Louia, aa daduoad from tha 
firat dioda laaar meaaureavanta thara. 
Although tha actual monitoring uaad a 
1-aac tima conetant, thia curva waa re
drawn with an approximately 5-min tima 
conatant to indioata mora claarly tha 
tranda ovar tha 5-hour pariod. Tha CO 

• t . ilM UMWMI| | 

i; i . , . j . . _ . -L. ... . . - . . . - , 
»:00 4;00 ItOO 1:00 T-00 t.OO 

TWC <* * COT I 

Fig. 6. Laaar monitoring of CO at St. 
Louia Univaraity. Pathlangth • 0.2 km, 

laval roaa from 0.5 ppm in raid-after
noon to naarly 2 ppm at tha tima of peak 
commuter traffic. A complete report of 
theaa St. Louia meaauranenta ia in pre
paration. A comprehenaive technical 

article describing our initial long-
path monitoring of CO will aoon ba 
publiahad [21 J. 
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FEASIBILITY OF IKE REMOTE DETECTION OF POLLUTANTS USING RESONANT RAMAN SCATTERING 

H. Rosen, I'. Robrlsh and 0, Chamberlain 
Lawrence Berkeley Laboratory 

Berkeley, California 

Abstract 
We present calculation* of the t'ssoni'nee 

Raman crota-aectlon for aeveral diatomic mole-
culaa, We uae theae reaulta along with recent 
measurements of large reaonance enhancementa 
in NO2 and S0 2 to estimate the sensitivity of 
a Lldar a/atem based on the reaonance Raman 
effect. 

In this paper, we wish to assess the Im
plications of recent measurements of Urge 
resonance Raman cross-sectIons in N 0 2 ' ' and 
S 0 2 " ) for remote detection of these pollu
tants in the atmosphere by means of a Lldar 
system. We shall alio present calculations 
for the reaonance Raman cross-sections of var
ious diatomic molecules and uae these calcula
tions to expand our estimates of the sensiti
vity of a resonance Raman Lldar system. 

Raman Lldar systems have been used for 
some time to itu-*; major atmospheric consti
tuents. (') However, the fact that Raman cross-
sections are quite small ( M O " 5 0 cm2/*r) has 
made thia technique difficult to uce to de
tect minor atmospheric constituents such is 
pollutants. In spite of this difficulty, 5. 
Nakehare et al.( 4' and Melfl et al.(S) hove 
reported detection of S 0 2 in power plant stack 
plumes at a range of 200 m et night, end 
Hirschfeld et i l . w using a powerful doubled 
ruby laser have been able to measure SOj con
centrations of SO ppm at 200 m in full day
light with a good signal to noise ratio. 

It is well known that Raman cross-sec
tions are enhanced if the laser source is 
tuned close to an absorption line in a gas. 
Such enhancements could dramatically Increase 
the sensitivity of 1 Raman Lidar system. Most 
measurements of the resonance Raman effect'7' 
have been made in Ij vapor, where large en
hancements have been observed.' 1 0' Recently, 
we have measured a resonance Roman cross-sec
tion of 1.7 x 1 0 " " c m 2 / s r w in I 2 with en excitation wavelength of S466.36 X and Penney 
et al.( 2) have reported a cross-section of 
10" 2 S cm 2/sr for S0 2 with a laser excitation near 3002 X. These cross-sections are, respec
tively, 4 x 10 6 and 2.6 x 10 4 times the Raman 
cross-section for N 2 at equivalent excitation 

wave-lengths, Resonant inelastic scattering 
cro|»-sectlon»f") of the order of 10" J 0 -
10**' cm*/sr have also been observed for 
0H( | 2'">, and Wang and Davisl") were able to 
measure atmospheric concentrations of OH at a 
level of 2 parts In 1 0 I J . 

We have just completed an extensive 
search for large enhancements of scattering 
Into the v 2 Raman mode of N0 2 using a nitrogen- laser-pumped dye laser. The Investigation 
was carried out by tuning the laser through 
most of the visible absorption spectrum of N0 2 between 4200 A and 6100 A with a laser band
width of .1 A. We will present the details of 
these experiments elsewhere,(l) but wish to 
report that we hive seen large resonance en
hancements and have measured a cross-section 
of 5.6 x 10" 2 7 cm2/sr for narrow band (MA) re-
emission into the u 2 Raman mode at the peak of one of the resonances for 1mm of N 0 2 plus 1 atm of N 2 buffer gas. All of these measure
ments, along with the results of the following 
calculation, allow one to make reasonable es
timates of the sensitivity of a resonance 
Raman Lidar system operating under various 
conditions. 

One can easily estimate the resonance 
Raman cross-section for diatomic molecules 
which have known oscillator strengths and 
Franck-Condon factors, For an infinitely 
narrow exciting laser near an Isolated absorp
tion line, the cross-section can be written, 
approximately, as:' 1 4' 

.,, «" " t ^ l<l|r|M>|» |<M|r|F>|- p, 

-* " «« c* [C V" 0> 2 * V > a ) 

whore <l|r|M> Is the matrix element from the 
initial to Intermediate vibratlonal-rotational 
state, while <M|r|F> is the matrix element be
tween the intermediate and final state, u, is 
the laser frequency, u a the scattered frequen
cy, u a the central frequency of the resonance 
and P{ is the relative thermal population of 
the initial vibrational-rotational state. r T 

is the pressure broadened linewidth. This 
expression is valid if Y T is dominated by in
elastic collisions and is larger than the 
linewidth due to the combination of natural, 
doppler, and hyperfine broadening. For most 
molecules at atmospheric pressure, the line-
width is, in fact, primarily due to pressure 
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broadening. Even though th* assumption that 
YT In dominated by th* contribution of inelas
tic colli*Ion• aay b* invalid, • calculation 
based on that assumption will provid* a lo«*r 
Halt for th* crot>-i*ction. 

*e can r*wrlt< Bq. 1 in tarns of th* 
oscillator strength, f, and th* Prenek-Condon 
factor* S,, by making th* substitution: 

Th* factor of 3 In th* first aatri*. *lM*nt 
occur* b*c*u«* w* aituM that th* oicillator 
•tr*n(th ii oqually divided b*tw**n th* P, Q, 
and R branch** of th* abaorptlon I in*. For 
u ( • m * u w* (*t: 

do ro2 ".'>> f a »i 
sr mp ( 2 > 

wh*r* r i* th* classical radius of th* *l*c-
tron. rar aol*cul*s wh*r* th* oicillator 
strengths and Franck-Condon factor* ar* known, 
(15-JS) ¥ t e a n u w gq. 2 to aak* an ••tiinat* 
of th* roonanc* b a n cro**-»*ctlon*. he 
atiuM that th* aolei'ules *r* Initially in 
th*lr (round vibrational state and chooi* th* 
lnt*ra*dlat* and final vibrational states to 
aaxlalte S[USMF. Me alto choo** th* initial 
rotational itat* with th* maximal thermal pop
ulation and IMI ttandard method! to calculat* 
p,,(") H* choo** YT on th* bail* of our pr*-
vioui work (') with is wh*r* w* found YT • 
2 it 1 0 " radlan*/«*c for 1 aa of Is in on* at* 
of N,. Th* m u l t * of that* calculation* as 
wall a* experlaent*lly determined cross-sec-
tlom ar* pr***nt*d in Tabl* 1. 

T»»tB 1: Resonant Raaan cro**-**ctlon* for 
variou* uiall molecule* d*t*raln*d *ith«r ex 
periaentally or fro*, Eq. (2). 

N* would now Ilk* to consider th* practl 
cal Implications of resonantly enhanced Raaan 
cross-sections for pollutant detection by 
means of a Lidar systea. For such a system. 

the number of signal photon* detected is: 

with 
n - total detection efficiency (optical 

and quantum efficiency) 
N - number of l***r pulses 
G • l***r puis* *n*r|y (Joules) 
u>0 - laser frequency (radians/tec) A - collector ar*a (ca*) 
I. - rang* Increment (a) 
ft • rang* (km) 
o - concentration of pollutant (ppa) 
do Raaan scattarlng cross-section 
3n " (ca2/*r) 
a 0 - *taosph*ric absorption coefficient at laa*r frequency 
a - ataospherlc absorption coefficient 

at scattered frequency 
The number of counts collected during the same 
number of pulse* from •Vylight Is: 

• . , N _,£_- A * -i-
with 

W(u ) - background irradianc* at the 
scattered wavelength (watts/cm 
srt) 

&X - detector bandwidth (A) 
* - detector field of view (sr) 
u, - Raaan shifted frequency 
» — - git* time for rang* increment(sec) 

A useful measure of the sensitivity of a Lidar 
system can be obtained by considering the sig
nal to no Is* ratio (MR). Hh*n detecting 
scattered light with wavelength >3000 A, we 
will assuswj that th* noil* is dominated by the 
fluctuation* in th* backgroud Irradlance, so 
that W R • S/>tf. For detection at wavelengths 
<S0OO A, wh*r* th* stratospheric ozone layer 
effectively absorbs sunlight, and for night
time d*t*ctlon, w* will assua* that th* noise 
Is caused by fluctuation* in th* signal, so 
that SNR • /§. kf* will ignore, in this paper, 
the possible problems associated with addition
al background due to the fluorescence of aero
sols, C'") This background aay cause trouble 
for a Lidar systaa which depends on ordliury 
Raaan scattering. However, since the useful 
resonance cross-sections ar* at lust 3 orders 
of magnitude larger than ordinary Raaan cross-
sections, we f**l justified in ignoring this 
problea for th* purposes of our Illustrative 
calculations, 

Suppose we now choose reasonable receiver 
paraaeters fi.e. n - .1, A • lC^ca2, * • 10" 5 

sr, AX - 1 A) and a laser transaltter which 
emits a beam of lo'cm2 cross-sectional area. 
In order to comply with the laser safety Stan-
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dsrd for olivet viewing, (*») we will Halt 
tho I nor energy to .01 aJ/puloe for * repeti
tion ratt of 100 Hi. Thi» limitation applies 
for lasers with wavelengthi >4000 X. For 
shorter wavelengths, tho Haiti appear to bo 
ton stringent, but since thoro a n no stand-
arda for vary abort paisoe, we will aesuae tho 
seme standard at ft>r wavelengths ><<JM.*' *o 
uao tho data of leua and Dunkelmen <"> to 
evaluate.*., a. and that of Kneatrlck and 
Curclo l'~for *(«..). Ho further naauae a 
range roaoiutlon or 10 • and calculate tho 
concentrot Ion of pollutant which yields INK • 
10 with an Intoiratlon time of 100 aoc. In 
figure I, wo present tho roaulta of that cal
culation for N0j, 10], and NO using tho cross-
sections In Table 1. 

10' 
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10" 

10 

IO-
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• / 

y ^ 

^ - " 
NO, 

y N O . 
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FIG. 1: Lidar sensitivity vs. range for E • 
.05 oJ and N • 10* pullet assuming a tigntl to 
noise ratio of 10 and a visibility of 10 ka. 

Figure 1 shows that, with tho marginal ex
ception of daylight detection of NO], a Lldar 
systea Baking uso of resonance Reman scatter
ing can easily detect the pollutant concentra
tions typical of saoke pluses (>10 ppa) at a 
range of a few hundred meters using lasers 
with only very aodest energies. A useful com
parison can be aade with the recent report'6' 
of detection of SO] using ordinary Raaan 

scattering. In that case, the laser used had 
an average power of .4 watts and an energy per 
pulse of .2 joules, and was able to detect SO 
pea at 200 a with SNR -. 10. Our calculation 
shows that using a laaer of S aw average power 
and .01 mJ/pulse, one could achieve a sensiti
vity of a factor of 10 bottor by aaklng use of 
tho resonance Raman affect. In addition. If 
there ii an enhanced cross-section in to, for 
x. <2too X comparable to that for x 0 • Joo; X, 
then tho resonance Reman Lldar sensitivity for 
daylight detection of eOj will bo the aaae es 
for flight-Ho* detection, since sky background 
interference with tho detected radiation will 
no longer be a problem. The fact that the S0 2 

absorption spectrum shows features at x <2«oo 
X similar to thote at X tJOOO X leadi one to 
expect that comparable enhancements will be 
found for such wavelengths. 

Using presently available technology, one 
could construct a nitrogen laser-puaped dye 
laaer which has the required pulse energy and 
repetition rate'") and by using non-linear 
doubling crystals could extend its tuning cap
ability to t.2100 X.l") In order to detect 
NO, however, one needs a laser at 2260 X. At 
present, the non-linear erystala available for 
frequency doubling to this wavelength are not 
very efficient.'**) However, at leaat one 
efficient techaiquo for up-converilon of light 
with X > 2f00 X to span tho wavelength region 
2000-2JSO X has boon reported. ( M> It should 
be noted that oven if the efficiency of con
version of visible light to light at 22S0 X 
were only %.01t, there would still be enough 
sensitivity to monitor smokestacks at ">-200 a. 

Figure 1 also shows that monitoring of 
ambient concentrations (vl ppa) at distances 
of order I Ka is certainly ou' of the question, 
given the safety constraint we have imposed on 
the calculation. If one could be sure that 
there will be no eye exposure to tho light 
from tho Lldar transmitter, then one might be 
able to use high-energy tunable lasers to gain 
the required aensitivity. 

In conclusion, it teeas to us that the 
advantages in seneltlvity and safety associat
ed with the uso of resonance enhancements in 
a Raman Lidar systea outweigh tho additional 
problems associated with tho use of a tunable 
laser as a Lldar transmitter. The fact that 
an instrument for use in populated areas will 
probably have to comply with stringent eye 
safety standards Implies that the use of re
sonance enhancements will be tho only avenue 
to a workable Raaan Lldar systea for remote 
smokestack monitoring. 
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Atoltact Introduction 

The State of California's Air Resources 
Board haa operated an aeroaol monitoring net
work of up to 14 atatlona alnce January, 1973, 
lining lmpactors for particle alelng and using 
accelerator beams fcr moat of the subsequent 
analyaea for elemental content. Two etage 
Lundgren lapactore with after f l ltera provide 
for particle s i t ing, operating at flow ratea 
of 0.5 to 1.0 cfm. Normally, 24 hour samples 
are taken in the a l ie ranges of 0.1 to 0.5 um, 
0.5 to 5 urn, and S to 20 urn effective aero
dynamic diameter at unit density. Each week 
21 aamplea from each Impactor are aent by U.S. 
mall to the Air Quality Group of the Crocker 
Nuclear Laboratory for analysis. Moat analy
aea are performed using 18 MeV alpha particle 
beama from the 76" laochronous cyclotron. 
Ion-excited x-ray emission (IEXE) la uaed for 
elements sodium and heavier. Alpha scattering, 
for simultaneously measuring the elements 
hydrogen through sodium, Is being added to the 
ayatem for the 1974 program. The aim i s to 
routinely report results for particles In 
these s i t e ranges that add up to the total 
mass present, results that should equal Hi-Vol 
nasi meaaurerasnts when the maximum Hi-Vol 
particle else le limited to 20 urn. Problems 
involving blank purity, contamination in 
handling, and analytical limitations wil l be 
diecueeed. Once reaulta are preaent in an 
array for each alee range, with a l l particle 
collection and analytical correctione included, 
elements are correlated one to another through 
each month within each size range and mean 
elemental ratios taken. This aids greatly in 
identifying primary aeroeol sources. Correla-
tiona are later taken between each element 
and eight major gaaeous pollutanta meaaured 
routinely by the A.R.B. network, and v l e lb i l -
lty/aerosol correlations are also extracted. 
Results are reduced for publication every 
three months in the California Air Quarterly. 

The abatract of this paper relatee whet 
has been the me In thrust of the N8F/RANM 
supported Ion-beam analysis program at Davla-
monltoring California's aerosols. What i s 
not included there le the rationale behind 
auch a program. Why does the State of Calif
ornia aupport an aeroeol monitoring etudy 
on a long term basis? And what information 
Is expected from such an effort? Once these 
questions are answered, reasons for the use 
of Ion beame alao becomee evident. 

Requirements for a Monltorlnt Program 

The problem derlvee from the very nature 
of atmospheric aerosols. Since the aerosols 
are liquid and/or solid in the mldat of a 
gaeeouo medium, each hee an Interface with 
the medium which deflnea a alee end shape. 
This enormous complication la abeent in the 
case of geeeous pollutants, and from it arlaea 
three very Important aeroeol propertleel 

1) Due to the change of the complex 
index of refraction at the Interface, aerosols 
with effective diameters close to e wavelength 
of l ight, scatter light very effuctlvely, 
reducing v i s ib i l i ty . 

2) Aeroeol partlculatea can be generated 
or can grow to be relatively enormous agrege-
tlons of atoms. A 2 urn particle, about the 
mass median diameter, le compoeed of perhaps 
10" stone, which can conelet of any combina
tion of elemente from hydrogen to uranium. 

3) Since the aeroeol particulate hee 
maaa, It can be eeparated from the geeeoue 
medium through sett l ing, impaction, diffusion, 
e t c . , leading, for example, to retention of 
fine eeroeol partlclee deep in the lung. 

Theee compllcatlone make aeroeol meaeure-
mente more di f f icult than gaeeoua measurements. 
The concept of an Instrument that would con
tinuously read out a l l relevent aeroaol perc
enters i s unteneble. Designing e meter capa
ble of identifying the thirty elemente nor-
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•ally preeeat In aaouata above 1 ag/a' la urban 
eereaela etrelae tha laaglaatloa, and adding to 
thla tka ladlvtduel dlecriketleae, eleaeat ay 
eleaeat end oheaiecl ky ehaaleal, of aaee with 
alaa< aehee tka prehlea lapeeslhls. 

Iha guestlae than oeaee asm to hew much 
neede ta ka hnewa ta allow aa air quality 
agency ta Identify aereeel sourest, transfer-
aatleae, traaepert, ami elake, avaluata haalth 
haearea and welfare prekleae? tha answers 
will aavar ka agreed ween ky all , kut tha 
Davla pregrea-

1. Ckaaa tkraa alee reages, 0.1 urn 
te 0.»J wa, O.M m ta l . t ua, i t i l . i i* M 
10 ua, ana rejected pertleulatee akova 20 MB. 

i. Seed U hour averaging perlode (at 
••at aeaeureaoate, with oeetiauoue seapllaj 
and leag t a n placement at a alta, oftea ever 
aaa yaar. 

1. (lead up ta 14 altaa to cover varloua 
aaraaal preklcas throughout tha atata. 

*. rartora eleaaatal eaalyela on avary 
eeaplc. 

It waa fait that aueh a prograa reprssent ~ 
ad a alalaua laval of activity necessary to 
ohtata vital taforaeclea la a ralatlvaly ahort 
ported, however, tha auahar of eaaplae thuj 
generated waa aaoraoua - a 10 atatloa notwork 
weald goaarata * 11,000 eaaalea/year, exclu-
alva of callbratlaa end repeat ruaa. 

Thua, tha ftrat regulraaaat for tha 
aaalytleal eyetea waa low ooat par aaalyalt, 
even at eeae laaa la aanaltlvlty. It waa 
fait that tha lateraatloe gained troa 10 
eeaplee at aoailaal J ag/ai' aanaltlvlty far 
•any alaaaata waa for acre than froa oaa 
eaaala at 1 eg/a 1 eeaeltlvlty, tha ooata being 
akout equal. 

Th? aeeoad waa kraal range, aultl-alaaant 
capability for lightly leaded eaaplee, etncs 
light alaaaata oueh aa Ha to CI eoatrlkutad 
aoat of tha aaaa aaraally preoeat of eleaeate 
haavlar thaa eodlua, while alaaaata aueh aa 
eelealua, oadalua, aarcury, and lead wara 
lapertaat froa haalth coaeleeratloas. Tha 
vary light alaaaata, • •• W, coapoee akout (OX 
of tka aaaa of tha average Callforala urban 
aaraael, and thaaa alaaaata ara aaw alao being 
aeoourod aa elgalflcaat awaken of eeaplee. 
Tha ooahlaatloa of low oeet/caelyele and aultl-
alaaaat capability neulted la tha extraordin
ary fact that tha coat par poaltlva alaaaatal 
eatarataatlon during tha flrat yaar waa about 
20 ceato. 

Othar requlreaeate lavolvad larga through
put cepabtlltlee, which furthar aacouragad 
autoaatloa. Moa-deatructlva aaalyala waa llka-
wlaa vary daalraakla, alaca aaay of tha 

aaaplaa ara alao being analysed by XP.F, SIM, 
HCA, and optical apactroacopy. 

Thaaa requlreaente were wall aet by uaa 
of loo-exclted x-ray analyala by * ladle 
scattering of alpha partlelea for elaaenta 
H * CI. 

rnttitaitY ntmitt ti tht rr°irti 
The reaulta of the efforta of tha flrat 

yaar have keen gratifying, daaplta nuaeroue 
prekleae that had to ha aolvad In tha collec
tion of suitable aaroaol aaaplaa. Analytical 
eyateaa prekleaa ware alaoat non-existent, 
with the "»> 1,000 analyses required each 
aoath being coapletad during a tingle day. 

Although tha reaulte ere atll l In the 
proceaa of Interpretation, eaveral Interacting 
facta are evident! 

1) Much of the aeea eeeo during each 
aonth oecurrad In correlated elaaant acta 
•pacific to known eourcee. Correlation 
coefficients ea high aa O.M ware coaaon aaong 
auch aourcee aa aoll (Al, SI, K, Ca, Tl, Mn, 
and Fe), autoaotlva affluente (Ir, Pb), aaa 
aalta (Ma, CI), and fuel oil coabuatlon 
aourcae («, V, Nl). Thle elded reduction of 
che data la areaa where theee aourcai ware 
likely to axlet. 

2) Monthly aaan values often varied In 
a regular fashion froa aonth to aonth, re
vealing draaatlc changaa in air chenletry, 
source strengths, and aeteorology. The 
auaaar/winter pattern In sulfur particulates 
appeare to Isolate photochealcal sulfate 
production froa direct coabuetlon sourest of 
eulfate, while the Ir/fb ratio appeara hlglly 
correlated with tha chealcal reactivity of 
the ataoephora. 

3) Hit' axtanelve knowledge of eerraol 
coapoaltlon by alia, and with tha avalleblllty 
of weather and gas pollutant data froa stand
ard laatruaantatloR, aultl-varlate analysts 
have bean able to Isolate effecte such aa 
visibility degradation by specific source. 

*) Correlation of aerosol eource trecers 
with gaa pollutants often provldee unenblguoua 
Intonation on gee pollutant aourcee. 

Suafjerjr. 

In auaaary, the analytical techniques 
developed In pert by the MSF/gAtM prograa have 
allowed California to Initiate e continuous 
reeeerch effort through lte aonltorlng prograas. 
•y this aeene, etatlatlcelly aaanlngful rale-
tlonahlpe are being developed that will allow 
the etete to effectively evaluate elr quality 
problems and davlaa coet-effectlve aethode 
for aaalloratlon. 
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John C. Cooper, Harvey I. Ilrdsaye, and Ruseall J. Donnelly 
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thitasx 
Methane hti i higher vapor pressure thin 

•ny othar hydrocarbon, teeauae of this, Mthana 
can ba aaparatad froa tha othar hydrocarbon! 
In aablant air by condensing tha haavlar ones 
on a suitably cold aurfaea. A aathaue aaparacor 
baaad on thla ldaa haa baan eonatructad and 
taatad with bottlad iaa alxtures. Tha davlea 
erappad aore than 9SE of alt tha non-aathana 
hydrocarbana uaad and had no aeeaureeble 
affaet on methane. We ara now constructing a 
complete monitoring Instrument using thla 
concapt. Ita design la dlacuaaad hara. 

Introduction 
ftacauaa of thalr involvement In tha photo-

chealcel raactlona that (anarata oxidants In 
polluted atmoapharaa, tha U.S. Environmental 
Protaetlon Agency (E*A) haa aat national 
prlaary and aacondary ambient air atandarda 
for hydrocarbons eorraetad for methane1 (l.a., 
total eontont of hydrocarbona othar than 
aathana). Howavar, no araaa ara praaantly 
raqulrad to monitor non-aathana hydrocarbons 
(IMRC) for at laaat two raaaona. It la argued 
that If oxidant lavala raaaln within air qual
ity atandarda, hydrocarbona ahould alao ba at 
accaptabla lavala (thla la atlll aoaawhat con-
trovaralal). Alao, tho currantly daalamd 
rafaranca aathod for aaaauraaant of NMHC* la 
complex, coatly, and aartlnal In Ita ability 
to oparata unattandad and provide aufflclantly 
accurata data-

in tha aaar futura, tha EPA will publlah 
parforaanca atandarda and taat procedural for 
Instruments to aonltor thraa air pollutanta: 
otona, aulfur oxldaa, and carbon aonoxlda. 
tacaua* of tha difficulties aantlonad abova 
for NMHC, and alallar problaaa with oxldaa of 
nitrogen, thay will publlah only fuldalloa 
parforaanca and taat Intonation for Inatru-
aanta to aaaauro thaaa pollutanta. Thla 
laavaa aoaa uncertainty concarnlng both 
raqulrad parforaanca and tha alia of tha aar-
kat for MNRC monitoring Inatruaanta. Howavar, 
monitoring of MMC (and daclalona baaad on tha 
Indicated lavala) could ba a valuable part of 

tha air pollution control etrategy for araaa 
with oxidant problaaa, and tha availability of 
good instrumentation would encourage thla. 

Tha rafaranca aathod for aaaauraaant of 
MMHC uaaa a gaa chroaatogreph with flaae 
lonlcatlon detector to aaaaure methane.2 A 
alallar detector (In aoae caaaa tha aaaa one) 
aaaauraa total hydrocarbona In another part of 
tha air aaapla, and tha NMMC level la obtained 
by aubtractlon. Thla technique la Inherently 
a batch proceea, and currant versions of the 
lnatruaent provide S to 12 eaaplaa per hour. 
Tha gaa chromatographic celuan eaparatae 
•ethane froa the other hydrocarbona In tha ai> 
eaaple end the flaaa Ionization detector 
aaaauree the amount of- aethaae In tha aaapla. 
Tha essential function of the eoluan la 
aeperatlon of aathana froa other hydrocarbona. 
Tha required aaaauraacnt la alao possible with 
aany other eaparatlon technique!. 

Methane (CM.) le the lightest, aoat 
volatile hydrocarbon, so It ts poeelble to 
separate CH» by condenaatlon of the heavier 
hydrocarbons In an air atraaa. Hi have aaeea-
bled and taatad a elaple device ualng thla 
Idea9 which achieved batter than M X 
aeparatlon of CH, froa othar hydrocarbona. 
Basically a tuba at 77* t trapa tha heavy 
hydrocarbons, ao that of tha hydrocarbons In a 
atraaa of aablent air, only tha O U raaalne In 
tha trep effluent. The proceeoed air containing 
only awthana la aent to a flaae Ionization 
detector alternately with an unprocessed aablent 
air aaapla and the NMHC level is obtained by 
subtraction. Figure 1 la a flow echaaatlc for 
thla device. Figure 2 shows typical data 
obtained with tha Instrument. 

Tha device daeerlbad abova was an 
experimental one, designed to taat the concept. 
Ha have been encouraged to build and teat a 
•ore sophisticated unit that would ba aora 
nearly like a coaaercUl air pollution monitor. 

•Work supported by NSF/MHM granta GI-33817XI 
and GI-42S46. 



FTG.l. Schematic diagram of tha experimental 
Mthana atparator. 

n c . 2. Typical data from a total hydrocarbon 
monitor whan uaad with tha methane aaparator. 
Thla recording waa obtalnad at about 2:00 p.m. 
In downtown Eugene, Oragon. 

Pes tan of a Monitoring Instrument 
Thara ara aavaral altarnatlvaa for MfflC 

monitoring ayatama that could uaa tha cryogenic 
aaparatlon technique. On» can make an add-on 
unit for uaa with any of a number of cosmerclal 
total hydrocarbon (TMC) monitors (and thara ara 
already many unlta in tha ftald). Or ona can 
daalgn a complata ayatam Including sample 
conditioning, detection, and algnal processing. 
For an add-on davlca, tha cryoganic trap ayatan 
muat procaaa a large anough aampla to aatlafy 
raqulramanta of tha commercial THC monltora In 
uaa. For a complata Inatrument, tha trap 
system la designed to match ona particular 
datactlon ayatam, and tha algnal processing can 
alao be made mora convenient. Refrigeration 
can either be supplied by uae of liquid nitro
gen or by a cloaed cycle cooler euch aa those 
available from Cryogenics Technology, Inc. and 
Air Products and Chemicals. 

While An add-on device would be very 
useful to the many agencies that already own 
total hydrocarbon monitors, It is much easier 
to perform definitive teats on a complete 
system. Therefore, we decided to build and 
test a complete system using liquid nitrogen 
cooling, and follow thla with a modification 
that employs n closed-cycle cooler. As time 
permits, we will also give advice, and help 
agencies cnnalrurt their ovn add-on device for 
a particular application. We are currently 
working with the nregon Department of Environ
mental quality on an add-on device they plan 
to uae for research purposes. 

Device Daacrlntlon 
The monitoring instrument under construc

tion will include all the systems needed to 
meet EPA'a Indicated requirements, and will 
provide convenient data procaaalng. Tha unit 
ia daalgned to operate unattended for at leaat 
three daya, automatically sampling ambient air 
and generating signals (analog and digital) 
proportional to tha ambient air hydrocarbon 
content corrected for methane. The dealgn can 
ba conveniently broken down Into three systems: 
(1) the air sample flow system; (2) the signal 
procaaslng system; and (]) the liquid nitrogen 
control ayatam. Theic systems will be 
daacrlbed below. 

FIC. 3. Schematic diagram of the non-methane 
hydrocarbon monitor. 
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Flow System 
Tha sample flow ayatm la ahown schema

tically In Figure 3. Tha ayetam la dtaltnad 
co operate at a sample flow (it* of about 
100 cc/mln In each Una. Thli la sufficient Co 
aupply tht 90 cc/mln raqulrad by tha dataceor 
and an axcaai large enough to allow tht prea-
aurt regulators to function proparly. Tht 
total 200 cc/mln sample la split naar tht 
lnltti ont-half going through tht lint con
taining, tha trap, tht othtr half through tha 
bypaaa line. Tht restriction (ntadlt valva) In 
tht upptr lint and eht pump combIn* to main
tain tha trap prtaaurt low tnough to avoid air 
condanaatlon, Tht bypaaa U n a also contalna a 
naadlt valva In ordar to adjust tht bypaaa flow 
to match tha flow through tha trap. Amblant 
air that haa paaaad through tha trap will con
tain only mathana. Tha bypaaatd strtancontalna 
all tht amblant hydrocarbona, and tha four-way 
valva alttrnataly routta OU-only or -TtIC 
aamplaa to tha dactctor. Anothar gaa etream la 
ralaaaad through tha vant. Tha volumaa of tha 
two sample patht and tht flow ratta ara 
adjpeted ao that a TMC aampla and tha .'allowing 
CH«-only aamplt wart both collactad ac tht aatne 
tint. Thus tht dlfftranct of tha two adjacent 
algnala will raprtatnt non-methane hydrocarbon 
contant of tht taat aliquot of amblant air. 

Frtaaurt In tht tamp It lint ltavlng tha 
four-way valvt la controlltd by an up-atraam 
praaaurt reguletor. Tht capillary rtatrlceor 
ltadlng tc tht flamt lonltatlon dtttctor matara 
cha flow to tht dactctor, and tha axcaaa it 
vantad to cha atmoaphara. Tht flow-mtttr on 
tht vant Cuba la uatd to lndlcata flow racaa 
of Cha two aamplt streams during aac-up. 

Elactronlca 

Refrigeration and Concrol 
Tha liquid nltrogan ayatam and tha cryo-

ganlc crap art thown In Flgura 4. Tha Crap la 
locattd lnaldt a dawar flaak. During normal 
optratlon, tht liquid nltrogan Itvtl la maln-
talntd abovt tht Itvtl of tht main (hydrocar
bon) trap by a gravlty-fatd rtatrvolr. Thla 
aupply rtatrvolr will hold tnough liquid 
nitrogtn for thrta daya' optratlon and It can 
bt automatically filled from a largar storage 
container If dtalrtd. 

Tht tlgnal procaaalng ayattm la alao 
ahown achtmatlcally In Flgurt 3. It la daalgntd 
Co provldt both digital and analog algnala that 
lndlcatt tht mtaaurtd ltvtlt of mathint, and 
total hydrocarbons and tht dtrivtd non-mtthant 
fraction. 

After Initial amplification, tht analog 
dtttctor tlgnal la convarttd to a frtqutney 
proportional to tht analog voltage in avoltagt 
to fraquancy convartar (V to F). Thlafraqutney 
la routtd to a counttr and tht cyclaa countad 
for a ptrlod controlled by cht timer, pro
viding t count proportional to tha average 
analog tlgnal over the period, Tht maximum 
count le trtnaferred to a module that holda 
the value and convert: It to binary coded 
decimal (BCD) format for output or digital 
dlaplay. A digital to analog converter (D to A) 
converta thla ulue to an analog signal for a 
atrip chart recorder. Signalt corresponding to 
CH k and to TUC are routed to separate counters, 
and an up/down counter la uaed Co compute the 
difference corresponding Co NMHC. 

FIG. 4. 
ayatem. 

NMHC monitor liquid nitrogen and trap 

Approxlmacely once a day, Che hydrocarbon 
and watei trepa muat be warmed and the conden
sate (mainly water) flushed out. To do Chit, 
the liquid nitrogen la lowered below the trap 
level. Tht lower dewar la a ataled container, 
so evaporated nitrogen gaa can only eacapt 
through the fttd tubt or through tht Cuba 
txttndlng btlow tht LNi levtl control valve. It 
Chla concrol valve la open! LH t will remain ac 
the "operate" level. Closing thla valve cauaea 
preeaure co lncreaae on the liquid surface, 
forcing liquid nlcrogen up Into the upper 
reservoir uncll Che liquid level in cht lower 
dewar la below the lower fill tube opening. 
Vlth thla technique of transferring liquid 
nitrogen between reservoirs, Che heating and 
cooling cycle can be accomplished with rela
tively little cryogen consumption. 

To accomplish the trap cleaning cycle. 
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th* l ' i l«v*l control valve 1* clo**d and power 
U ai Had to th* h**t«r* on both trap*. Th* 
LNi v*l drop* below th* *hi*ld Ju«t abov* eh* 
bottoi of eh* d*war. Th* h**t*r* rail* eh* trap 
temperature to about 110* C , th* condtnaae* la 
evaporated and (lu*h*d out the v*nt. After 
•uff lent t l m th* h**t*ra art turn*d off, th* 
LNf c ntrol v*lv* 1* opanad, and th* LNi 
r*tum« to eh* "oparat*" Uval . 

lupjuiin 
>>e trap system ttatlf consists of a main 

trap for hydrocarbon eolUctlon) operated at 
77' K and a relatively warn water trap. For 
high ollection efficiencies. It le apparently 
Impor ant to maintain turbulent flow condition* 
and t <• raqulrea B O M attention to flow rata* 
aa lo- a* 100 ec/aln. Air antera the water 
trap through a*v*ral email (0.01S In.)diameter 
holes, and the hl(h velocity Jet* atrlkc th* 
outar ualla which are at a temperature of 
about -20* C. Ice bullde up from thai* point* 
and slowly fIlia the trap. The ice trap la 
largi enough to accommodate the eeveral cc'a 
of lc > and enow that result from about thirty 
hours operation at a 25* C. dew-point. (Thla 
corresponds to about 30,000 ppm water vapor In 
the inlet gat.) The hydrocarbon trap la a 75 
cm.-long aectlon of fc-lnch copper refrigera
tion tubing filled with anodltad aluminum ahot 
about 1 millimeter In diameter. A ahort plug 
of p>'ax wool la lnaerted about eech 15 cm. 
Thla teeme to encourage turbulence and 
eonsi.lerebly Imp r ova a trapping efficiency. 

Conclualon 
rhi* syetem la now nearly aaaambled. After 

comp'^tlon, aome teats will flrat be performed 
uelm prepared gaa mixture* *nd laboratory 
Inst .mentation. The dealgn of aoma cf eh* 
comp unta will poaalbly chang* during ehl* 
teat ig phaac. Afterwarde, our plana Include 
aome field eeata In Oregon and additional 
test- In St. Louie In conjunction with the 
EPA's Regional Air Pollution Study (RATS). 

The preliminary teata we have performed 
with our current trap dealgn indicate greater 
than 95* collection of C,HI>, CiN,, 1-C.H,,, 
and n-C.Hu, and the ability to tolerate aa 
much aa 30,000 ppm vapor for over 30 houra. 
More comprehensive performance data will be 
publlahed as aoon a> It la available. 
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TRACE CONTAMINANTS IN THE ATMOSPHERE 

H, W. Edward! 
Color*do S U M University 

Tort Col M m , Colorado 80621 

My function thli morn(no If to report t> 
you on the past two d»y»' titilom dialing 
with atmospheric aspects of trace contaminants 
research. While I H I fUtttrtd that our con
ference chairman hit asked me to serve 1n this 
rolt, I mutt conftit having ont reservation, 
tt 1s not possible to convey In tht tin* 
available all of tht findings and research 
applications that were presented at our ses
sions. Considerably more new data were pres
ented and discussed during the past two days 
than can be thoughtfully considered this morn
ing. I would 11k* to congratulate Dr. Tlsha 
Novakov on selection of Asilomer for this 
year's Annual NSf-RANN Trace Contaminants Con
ference. At least for this Coloradoan, the 
combination of scientific purpose and setting 
has been most rewarding. I trust that I speak 
for all 1n expressing thanks for the tireless 
and successful efforts of this year's Confer
ence Chairman. 

My Interpretation of our Chairman's 
charge to "rapporteurs" Is to summarize high
lights of our sessions with respect to the 
following areas: 

1. Air Chemistry 
2. Sources 
3. Transport 
4. Methods and Instrumentation. 

What I will try to do 1s summarize some of the 
developments that seem particularly striking. 
The hope is that those attending other ses
sions may be encouraged to utilize In their 
own programs some of the findings and tech
niques described at our sessions. One example 
that comes to mind Immediately would be the 
separation-identification procedures described 
by Rod Skogerboe for Identifying the chemical 
forms of lead In soil , plants and on air f i l 
ters. While the application In this case was 
for lead from automotive sources, other uses 
may be seen for Identifying the chemical forms 
of other trace metals, perhaps In quite dif
ferent matrices. Another example 1s the 
approach described by Bill Zoller for tracking 
down a municipal Incinerator as a source of 
atmospheric particles substantially (10 s times) 
enriched in certain toxic metals. A third 
example is the Ion-beam technique developed by 
Tom CahUl and coworkers for simultaneously 

determining a multiplicity of elements in atmo
spheric dusts, Including low-atomic number ele
ments, these are but three examples; there are 
many others. 

In the context of Dr. Pitts' ramarks at 
the plenary session on the opening day, I be
lieve that attendees were made keenly aware of 
this nation's need to mobilize Its talent pool 
of environmental-energy specialists. As Dr. 
PHts pointed Out, cost-effective strategies 
for managing environmental contamination prob
lems require technologies solidly founded on 
scientific facts. An example of the scientific 
pay-off that can be realized by cooperation and 
collaboration among concerned specialists can 
be seen 1n the development of the airshed mode! 
discussed by Dr. Pitts. This discussion was 
most helpful to all in emphasizing the Import
ant role that the scientific community can play 
1n developing tho needed body of scientific 
information. In Or. Pitt* ' words, "you have to 
know what you've got." 

Dr. Pitts and coworkers coauthored the 
leadoff paper at our f irst session, "Air Chem
istry." Particularly striking to me was the 
progress made 1n modeling the photochemical 
processes in the atmosphere by simulation ex
periments carried out In laboratory smog cham
bers. The combined gas-chromatography, mass-
spectrometry analytical methodologies led to 
detection of new presets 1n propylene-NOy 
photooxldatlons. The kinetic data trt being 
utilized 1n validating models for chemical 
transformations In smog. Progress 1n develop
ing the kind of mechanistic Information needed 
for models of real predictive value is most 
encouraging. Also encouraging Is the develop
ment and application of newer techniques, such 
as Fourier infrared Interferometry, for deter
mining constituents such as formic acid, nitric 
and nitrous add, and alkyl nitrates. These 
new developments were discussed by Or. Winer 
of the Ca1-R1vers1de group. 

Along the same line, developing a predic
tive model for photochemical smog processes 
from laboratory simulation studies, R. F. 
Reinisch (NASA-Ames) discussed development of 
a numerical model with emphasis on modeling 
hydrocarbon mixtures characteristic of engine 
exhaust. Here, the emphasis was on simplK.cJ 
inputs and outputs, rather than r-,-, elucidation 
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of specific reaction mechanisms. A feature of 
this particular model 1s the definition of a 
reactivity parameter by means of which complex 
hydrocarbon mixtures were treated. 

A "state of the science" report on certain 
unstable atmospheric species of Importance 1n 
air pollution reactions was provided bySnelson 
of the IIr Research Institute. The discussion 
helped focus attention on the need for more 
kinetic m j thermodynamic data for certain key 
species, especially N0 3, 

Lead elkyls In the atmosphere was the sub
ject of two presentations by representatives of 
Colorado State University. Corrln reported 
development of a sampling-analysis approach for 
measuring ptcogram quantities of spodflc lead 
alkyl compounds In the atmosphere. Sampling 
was acconpllshed with hexane bubblers at -78 Cs 
analysis was by gas chromatography using an 
electron capture detector operated 1n a pulsed 
mode. Edwards reported on laboratory simula
tion experiments In which atmospheric dust com
ponents xpre exposed to tetraethyl lead vapor. 
The data suggest that sorption of organic lead 
vapor on atmospheric dusts may be Important In 
scavenging and breakdown mechanisms. These 
studies both relate directly to the problem of 
detecting and defining the fate of organic lead 
in the a biosphere. 

Trv:e gas analysis of power plant fumes 
via small aircraft was discussed by uavls from 
the University of Maryland. Airborne samples 
from a power plant plume were obtained with an 
aircraft equipped with on-board Instrumentation 
for determination of S0 2, 0 J t and NO/NO;. The 
data were used to develop models which Inter
relate the concentrations of certain plume com
ponents under various conditions. These stud
ies helped focus attention on the need for more 
Information in the atmospheric chemistry of 
S0„. Researchers from Purdue University repor
ted measurement of electrostatic precipitator 
efficiency at an open-hearth furnace. This 
study was especially valuable In Illustrating 
some of the practical aspects of field temp
ling under, to say the least, rather difficult 
conditions. 

The second session dealing with atmospher
ic aspects focused on sources. Zoller from the 
University of Maryland discussed release of 
trace metals from coal-fired power plants and 
municipal incinerators. The data presented 
should prove highly useful for Inventorying 
and Identifying sources of trace metals In 
urban areas, incinerators were found produc
ing particles greatly enriched 1n some of the 
more volatile metallic elements. This problem 
may assume major importance as power product
ion from incineration becomes more widespread. 

Construction of « materials balance for 
selenium inputs and outputs at a coal-fired 
power plant was reported by Andren and cowork
ers from the Oak Ridge National Laboratory. 
Host of the Se emitted is associated with 

fly ash particles with the remainder 1n the 
vapor phase. The implication is that man mob
ilizes appreciably more selenium through coal 
burning than occurs naturally through weather
ing. 

Jacko and coworkers from Purdue also re
ported on trace metal emissions from a munici
pal refuse incinerator. Again, this type of 
study points out the Importance of including 
incineration operations in Inventories of 
trace metal emission sources. 

Bremen from the University of South Florida 
reported a speciation study of mercury com
pounds In air, Collection is accomplished by 
a selective absorption tube, and analysis 1s 
carried out by an emission technique. Detec
tion limits are In the fractional nanogram 
range per cubic meter of air. Although ele
mental mercury 1s the chief form found, five 
chemical forms of mercury were found In sig
nificant amounts. In soil, Inorganic mercury 
is converted to methyl mercury compounds and 
elemental mercury. In a study reported by 
Soldano of Furman University, sewage facilit
ies were implicated as possible major sources 
of airborne mercury emissions in urban areas. 

The third session dealt with transport of 
contaminants in the atmosphere. 

Katen from the Colorado State University 
environmental lead project team described de
velopment of a practical urban model for Inter
mediate-range transport of automotive lead 
from traffic sources. Predictions of down
wind lead concentrations were validated by 
extensive field sampling and deal with that 
portion of lead emissions which does not set
tle out within 100 m of a highway. A major 
result is that about 451 of the leaJ consumed 
by automobiles Is still airborne 10 km down
wind of Fort Collins. 

Atmospheric transport of automotive lead 
was also the subject of an investigation re
port by Hudson from the University of Illinois. 
A mathematical model was developed for atmos
pheric transport of particulates over level 
terrain. A network of streets is represented 
as a set of finite-length line sources of 
varying intensities. A major difference be
tween predicted and observed air-lead values 
was ascribed to background, i.e., lead advect-
ed into the system from distant urban sources. 

A contribution from Investigators at Pur
due dealt with analysis of a large body of 
atmospheric particulate and trace metal data 
in terms of atmospheric transport characteris
tics. Newman suggested that source identifi
cation requires bout., :,.c<orologlcal data, 
rather than daily information. 

Transport of air pollutants by cumulus 
clouds was discussed by Hemni from Colorado 
State University. Cumulus clouds play an Im
portant role In transporting pollutants and 
in atmospheric cleansing. The paper focuses 
on calculating vertical transport of air 
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pollutants from the boundary layer by cumulus 
clouds. The Influence of various physical 
parameters, including humidity and precipita
tion, was discussed 1n terms of effects on the 
rate of vertical transport of pollutants, 

A wind-tunnel simulation technique was 
described by Thompson of Colorado State Univ
ersity to model dispersion of automotive emis
sions in a city street canyon. Pronounced 
effects of local building geometry were detect
ed, and localited concentration inhomogenelties 
were striking, even under moderate croiswlnd 
conditions, Validation of tone major effects 
was provided by comparison with field data in 
downtown Fort Collins. Physical modeling of 
pollutant dispersion clearly provides a power
ful predictive tool, particularly at elevations 
below rooftop where no fully satisfactory math
ematical model presently exists. 

At this point we met for an extremely use
ful Informal session on aerosol chemistry. 
New data were discussed, and mechanisms for 
SOx-NOx interactions were explored. Data were 
exchanged and discussed on an off-the-record 
basis. My compliments go to Dr. Novakov for 
arranging this fine opportunity to explore new 
concepts, 

The fourth and final session dealt with 
analytical methodologies and instrumentation. 

Grant and Proctor from Stanford Research 
Institute reported on use of the differential 
absorption backscatter technique for remote 
measurement of pollutants. A dye laser served 
as the light source which, for a single pair 
of pulses, allowed N0 2 concentrations to be determined with an uncertainty equivalent to 
0.0S km ppm. This type of approach also shows 
considerable promise for application to meas
urement of SO* and 0,. 

Hinkley from NIT described use of tunable 
semiconductor diode lasers for remote sensing. 
Continuous laser monitoring of atmospheric CO 
with a ppb sensitivity was reported. The sys
tem has been Incorporated in the St. Louis 
RAPS study for EPA. The advantages of this 
approach to remote sensing should be substan
tial. 

Use of resonance Raman scattering to the 
remote sensing of pollutants was discussed by 
Robrish of the Lawrence Berkeley Laboratory. 
The scattering cross-section of N0 2 was meesur-•d, and the implications were discussed in 
.arms of development of monitoring instrumen
tation, 

Procedures for nondestructive separation 
of environmental lead compounds from soil and 
plant matrices were discussed by Skogerboe 
from Colorado State University. Application 
to the problem of identifying the various lead 
compounds present was discussed and examples 
were presented with emphasis on use of x-ray 
dlfractometry. Possible mechanistic explan
ations for formation of the various lead com
pounds found in air, soil and plants were 

explored. 
CahUl from the University of California-

Davis described use of ion beams for monitoring 
aerosol composition. Both alpha and Ion-excit
ed x-ray emission were used in the procedures 
described*, the latter source 1s used primarily 
for sodium and elements above In mass number. 
Some of the advantages of the ion-beam techni
que in the context of an ongoing, major monit
oring program were discussed. Data from analy
sis of actual atmospheric samples were present
ed to demonstrate the breadth of the technique 
1n terms of simultaneous multlalemental analy
sts, 

In a paper authored by LSU Investigators 
working with Professor West, an atomlzation-
combustlon technique was described for produc
ing H9SO1, and metal-oxide aerosols. The atom
izer-Burner is similar to the type used in 
flame photometry, The materials this produced 
have been used as reference materials in x-ray 
fluorescence and ring-over studies. The aero
sol-generation technique should be of particu
lar Interest to anyone needing a convenient 
source of particulates for laboratory simula
tion studies. 

Our session closed with papers on cryogen
ic sampling of air pollutants and high-energy, 
tunable lasers for remote sensing. 

I would like to close with several obser
vations of a general nature. First, I am most 
encouraged by the willingness of the various 
Investigators to discuss preliminary data and 
work st i l l underway. I t is precisely at this 
stage that the information is so vary helpful 
to colleagues working on parallel problems. 
The research scientists and engineers clearly 
recognize that their counterparts at other in
stitutions and agencies are an important com
ponent of the community of information users, 
yet at this stage of development, projects are 
only infrequently the subjects of technical 
papers presented at traditional professional 
society meetings. Thus the NSF-RANN meetings 
of this type can play a vital role in acceler
ating the rate of Information transfer and 
utilization within the scientific community, In 
addition to the benefits to society in general. 
The second observation is that the work present
ed was directly tied to problems of major nat
ional importance in assessing and managing 
environmental quality. What I find so very 
encouraging here Is the vast amount of good, 
usable science emerging from these programs. 
The papers presented at our sessions provide 
ample and convincing proof that not only is the 
scientific pay-off useful and utilized, I t Is 
also very good science. I am most pleased to 
have had the opportunity to participate In the 
program. 
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UNSTABLE ATMOSPHERIC SPECIES 
THAT HAVE NOT BEEN FULLY CHARACTERIZED 

I, J. Solomon and A. Snclson 
LIT Research Institute 

Chicago, Illinois 

Ab struct 

The mode of formation of many pollutants 
In the atmosphere la not well understood. Re
action mechanisms invoking the Intermediary 
of unstable chemical apeclea leading to specif
ic pollutants are often proposed, In many 
cases the unstable Intermediates themselves 
are poorly characterized. In this paper the 
current state of knowledge with respect to the 

irharncterlKatlon of some of these Intermedi
ates believed to bo of lmportnnce In atmo
spheric pollution will be presented, Particu
lar emphasis will be devoted to NO) and the 
organic radicals R C ( 0 ) 0 , R C ( 0 ) 0 0 , RCC, 
ROO and RO, Some thermodynamic and 
kinetic deficiencies due to poor characterisa
tion of these species will be noted, 

LEAD ALKYLS IN THE ATMOSPHERIC ENVIRONMENT 

M, L. Corrin and M. S. Menus 
Department of Atmospheric Science, Colorado State 

University, Fort Collins, Colorado 

Abstract 

A rationale ia presented which s t res ses 
the need for the determination of specific lead 
alkyls in the urban environment, The present 
distinction between "particulate" and "organic" 
lead is shown to lead to ambiguity and con
fusion In Interpretation, tn view of the antic
ipated low level of lead alkyl concentrations 
and the necessity for reasonable aampling 
t imes an analytical method for specific alkyls 
was developed sensitive at the plcogram level: 
this method Involved techniques of sampling 
and gas chromatograph determination. 
Sampling waa accomplished with hexane bub
blers at -78C. The hexane solutions were 

concentrated under vacuo at -78C to a volume 
approximately 2 percent of what originally 
employed In collection, The column of 20 
foot length waa packed with 5 percent Carbo-
wax 6000 on DMCS Chromosorb W previously 
treated with 8 percent NaOH. The electron 
capture detector (tritium) was operated in the 
pulsed mode. Certain complications were en
countered and solutions worked out. Prel im
inary results obtained In a cooperative study 
of lead alkyl concentratlona as a function of 
distance from a heavily travelled highway will 
be presented. 
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THE COLLECTION EFFICIENCY OF AN ELECTROSTATIC PRECIPITATOR FOR 
TRACE METALS FROM A OPEN HEARTH FURNACE 

F. Faurc, R, B. Jacko, »nd R. R, Squire 
Department of Environment*! Engineering, Purdue 

University, Lafayette, Indian* 

Abatract 
Emiaalon taata in June 1974 both up-

atraam and downatraam of an electroitatlc 
precipitator controlling a battary of aavan 
opan hearth furnace* reaultar. In an average 
particulate collactton efficiency of 97.7 per
cent for three almultaneoua i ample aata. 
Specific efficiency teata were alao performed 
elmultaneoualy with Andaraon fractionating 
aampllng device* and Indicated an apparent 
minimum collection efficiency at the 4-micron 
aerodynamically deed particle range. The 
efficiency decrement at 4 mlcrona la pri
marily due to transformation of particle 
• Ice* within the electroatatlc precipitator. 
Agglomeration of the 1-micron particle* to an 

A pulverlaed coal-fired power plant and t 
municipal incinerator have been atudled to 
evaluate their Importance aa aource* of the 
anomaloualy enriched trace metala In urban 
atmoipherea. The power plant haa been found 
to have minor enrichment of volatile element* 

effective 4>mlcron *l«a la poitulated a* the 
primary raaaon for the paeudo efficiency 
decrement at 4 mlcrona, Average particulate 
concentration upatraam and downatream of 
the precipitator wae found to be 0.349 
gralna/SCF and 0.008 gralna/SCF respectively, 
Total particulate m m amlaaion ratea were 
obaarved to vary between 3$ and 94 Ib/hr and 
reaulted In calculated emlaaton factora of 
0.16 and 0.46 lb-partlculate per ton of ateel 
produced. The n u n median diameter of the 
particle* entering the precipitator wa* found 
to be 1.56 micron* for an average of 3 runa, 
with the m m median diameter leaving, 
1.0 micron*. 

relative to Al. The Incinerator, on the other 
hand, emita material containing large quan
tities of volatile element* vith very high en
richment* relative to cruatal material*. The 
Importance of Incinerator* in urban regione 
will be dlacu**ed. 

THE RELEASE OF TRACE METALS FROM HIGH TEMPERATURE 
COMBUSTION SOURCES: COAL-FIRED POWER PLANTS AND 

MUNICIPAL INCINERATORS 

W. H. Zolier, G. E. Gordon, E. S. Gladney, 
R. R. Greenburg, and J. J. Bor* 

Department of ChemUtry, University of Maryland, 
College Park, Maryland 

Abstract 
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TRACE METAL EMISSIONS FROM A MUNICIPAL REFUSE INCINERATOR 

R. B. Jacko, D. W. Neuendorf, F. Peacock, and K, ,1. Yost 
Department of Environmental Engineering, Purdue 

University, Lafayette, Indiana 

Abstract 

On* of the potentially significant source* 
of heavy metalt to the urban environment Is 
the municipal refuse Incinerator. The work 
deacrlbed took place during a two-week period 
of sampling at the Nicosia Municipal Inciner
ator In Eaat Chicago, Indiana. Eleven stack 
samples as well as grab sample* of other 
process streams Including scrubber Input 

water, scrubber effluent water, and scrubber 
rei.ldue were analysed for cadmium, lead, 
einc, and copper, The resultant data were 
used to generate mass emiss ion rates of 
metals from the Incinerator to the atmoephere 
and the Eaat Chicago sewer system. Also de
termined are trace metal emiss ion factors 
averaged over the sampling period. 

ATMOSPHERIC TRANSPORT OF LEAD PARTICULATES FROM 
AUTOMOBILE EXHAUST IN AN 86-SQUARE-MILE ECOSYSTEM 

J. I. Hudson, J. J. Stukel, and R. L. Solomon 
Roger Adams Laboratory 

University of Illinois 
Urbana, Illinois 

Abstract 

Atmospheric lead concentratlona were 
meaaured aa a function of both time and posi
tion in a rural area adjacent to Urbana-
Champalgn, Illinois during the period August, 
1973 to February, 1974. The results were 
interpreted by means of a mathematical model 
which has been developed for predicting the 
atmoapheric transport of particulates of any 
s l se distribution. The lead le emitted from 
finite length line segments representing a net
work of city streets and rural highways. The 
model can be used to predict the dispersion of 
pollutants in any region of flat terrain. The 

inputs required for the model are the coordi
nates of the highway segments, traffic counta, 
and meteorological conditions. The meaaured 
mean rura* concentration la 0,227 microgram 
per cubic meter with a standard deviation of 
0.116 microgram per cubic meter. Moat of 
the lead in the rural area Is tranaported Into 
the area from distant sources with the contri
bution of automobiles in Urbana-Champaign 
and local highways being minor. Measure
ments were also made of particle alice diatrl-
butlons and deposition ratea to the ground. 
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LASER REMOTE MEASUREMENTS OF NOj, SOj, AND O 

W. » Orant and E, K, Proctor 
Department of Radio and Applied Physlca, Stanford 

Research Institute, Manlo Park, California 

Abstract 

Experiments using the differential abeorp. 
tlon backacatter technique for the remote mea
surement of air potlutanta are being conducted 
at SRI, A dye laaer operating between 440 and 
450 nm hee been uaed to meaaura BO2 In a 
aample chamber 365 m from the tranamltter. 
Particulate matter and molecules In the atmo
sphere provide a distributed reflector to send 
light back to the receiver near the laaer. The 
laser measurements agreed well with In altu 

Procedures will be described which per
mit the nondeatructibe separation of environ
mental lead compounds from aoll and plant 
matrices. The identification of lead com-

p- measurements, A single pair of laser pulses 
«- allowed NO2 concentrations to be determined 
td with an uncertainty equivalent to 0 ,0! km ppm. 
nd An ADP or ADA crystal generating the second 

harmonic of dye laser light currently Is being 
used to produce signals in the 2BO to 310 nm 

>- region, These signals will be used to measure 
i SO2 and Oj in a manner similar to that uaed 
ie for NO2. 

pounda contained in the separated fractions 
will be discussed. Possible mechanistic ex 
planationa for the lead compounds identified 
will be examined. 

IDENTIFICATION OF ENVIRONMENTAL LEAD COMPOUNDS 

R. K. Skogerboe and K. W. Olaon 
Department of Chemistry, Colorado State University 

Fort Collins, Colorado 

Abatract 
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GENERATION OF STANDARD AIREORNE PARTICULATES! 
X-RAY FLUORESCENCE STUDIES 

V, Dh»rm»r»j4n, R. L. Thomas and P. W. Wait 
Department of Chamletry, Loulelana Sta' j 

Unlvereity, Baton Rouge, Louisiana 

Abstract 

A convenient and precise method hat been 
developed for the generation of standard metal 
•alt particulate* and aulfurlc acid aerosol. 
The mathod of generation anantially slmu-
lataa tha proceii that occurs In Industrial 
ptanta and Incinerators raaponilbla for tha 
discharge of matal oxlda particulates and 
sulfuric acid aaroaol In ambient atmoapharaa, 
via, tha combuatlon of matal and aulfur 
bearing fuala and othar aubatancai. Tha gan-
arator conatati of an atomlaar-burnar of tha 
type uaad in commareial flam* photomatara, 
mounted at tha baaa of a miniature glaaa atack. 
Tha burner la operated ueing oxygen/or hydro
gen. A dilute eolutlon of the deaired metal 
or mixture of matala la espl rated Into the 
flame, where it decompoeea to yield the neu
tral matal atome, which then recombine with 

o»ygen to form metal oxide partlculatea In the 
s i n range of O.l-S micrometer. For the gen-
eratlon of aulfurlc acid aerosol, a dilute solu-
tion of aulfuric acid la ••pirated into the flame. 
The aeroaoli, moving up the atack at a ateady 
and controlled rata can be collected by meana 
of tha fampUng probe uaing a lultable filter 
medium. Standard metal particulate! or eul-
furlc acid aerosol lampta can be made ualng 
thia method for evaluating new analytical pro
cedure! and alio for Interlaboratory compart -
•om, Alio, atandard compoalte aamplea con
taining acid aeroiola, loot, aillca, and metal 
partlculatea can be generated using this 
method. The application of generated at-.in-
dard partlculatea at reference material for 
x-ray fluorescence and ring oven atudlea, 
will be diacuaaad. 

A HIGH ENERGY TUNABLE COHERENT SOURCE FOR REMOTE POLLUTANT MEASUREMENT 
R. L. Byer, R. L, Herbat, R. Fleming and S. Warahaw 

Hanaen Laboratories, Stanford Univaratty 
Stanford, California 

Abstract 
We have developed a high energy post co

herent source suitable for remote pollutant 
detection by the differential absorption method. 
The coherent source ia pumped by a Q-
awltched Nd:YAG oscillator-amplifier chain 
operating at 10 ppa with up to S00 nj per pulae. 
LIN0O3 angle tombed p perimetric oscillator 
efficiently converts a 1.06 M pump radiation to 
1.4 micrometer to 4.4 micrometer tunable out

put with band widtha leas than 0.1 cm (minus). 
Mixing further extends the tuning range to 18 
micrometer. The source Is controlled by a 
PDP HE 10 mini-computer which also has a 
real time data system for remote pollutant 
measurement. The tunable coherent aource 
and Us application to remote pollutant measure
ment will be described. 
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A SCHEME FOR THE DETERMINATION OF OPTIMUM 
SAMPLING SITES FOR SOIL AND VEGETATION* 

H. H. Tranter and J . L. sandvos 
Unlvara l ty of M i a i o u r l - R o l l a 

R o l l a , Mlaaourl 

Abs trac t 

A technique la praaantad which 
allows aatlmatlon of tha required num-
bar and distribution of sampling altaa 
necesaary to aeeurataly apacify aoil 
and vegetation data. Tha haart of tha 
taohniqua la an Intarpolation algorithm 
which eetlmatae sample valuaa at point*, 
without actually collacting samples 
at thaaa points, by ualng a waightad 
aum of tha aight naaraat fiald 
sampLas. Tha tachnlqua can ba appliad 
to any system in which tha apatial 
locationa of tha sampling aitaa ara 
fixad and accurataly known. Additional 
requiremanta ara that tha fiald 
aamplee do not changa rapidly with 
tlM and that tha aourca of tha para-
•Mtar baing measured la not diatributad 
ovar a larga araa. 

Introduction 
Tha aalaction of sampling sites 

for a fiald sampling program ia a 
•attar of considerable importance, 
aapaclally whan one considers tha 
axpanaa of collacting and analyzing 
aamplaa. Thua, a technique which 
allowa one to estimate sample values, 
without actually collacting field 
samples, la aaaily justified. 

Tha assumption ia made that the 
final product daairad from a fiald 
aampling program la a apatial diatrib-
ution function which givea the value 
of the parameter being measured at 
every separately raaolvable point 
within the study araa. In order to 
forn this apatial diatribution func
tion, tha atudy araa ia divided into 
a large number of aubareas. Field 
aamplaa ara obtained for a limited 
number of thaaa aubaraaa. Tha aample 
valuea for the other aubaraaa are than 
•The work reported in thia atudy waa 
supported by tha National Science 
Foundation MUM Lead Study Grant, 
GI 3S»im-Wixeon. 

estimated by tha use of an intarpola
tion algorithm. Tha intarpolation al
gorithm forma the aatimate by using a 
weighted sum of the eloht nearest 
sample valuea. The weighting is 
performed so that samples near the 
point for which tha aatimata is being 
made are weighted heavier than more 
distant samples. Tha problem is to 
choose the minimum number of sampling 
altas which allow the estimate to be 
made with a required accuracy. 

Tha intarpolation algorithm ia an 
axtenalon of a technique developed by 
Crain and Bhattacharyya (11 for use 
with geophysical data. While they 
dismissed their method for geophysical 
data, it appears to be suitable for 
estimation of a aurfaca with rela
tively few maxima and minima. 

Tha error criterion ia the mean-
square error between the true spatial 
diatribution and the aatimated spatial 
diatribution. Since the true apatial 
diatribution ia unknown, a computer 
aimulation ia used. Thia ia accomp
lished by assuming a apatial diatribu
tion, aampling and eatimating tha 
apatial distribution, and then comput
ing the error aa a function of the 
number of samples uaad in forming the 
estimate. 

Two different apatial distribu
tions are assumed; Gaussian and expon
ential. Thaae are analyzed for two 
different diatributiona of the aamp
ling aites. For both caaaa, the aamp
ling aitea ara random. For tha firat 
caaa, both the north-south and the 
west-oaet coordinate of a given aamp
ling aite ia a uniform random vari
able. Thia raaulta in an even diatri
bution of aampling sites over the 
atudy area. For tha aecond caaa, the 
radial diatance from tha center of 
the atudy araa to the sampling aite 
obeys a Rayleigh probability density 
function. This scheme inaurea that 
the density of the aampling sites ia 
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greatest whara tha ipatial diitribution 
is changing most rapidly. This is cer
tainly a dasirad condition. 

Curvas ara prasantad which illus
trate estimation accuracy as a function 
of tha number of samples. The results 
show that for a 10,000 meter by 10,000 
meter study area, an aoouraoy of 20 
percent can be obtained with approxi
mately 100 samples while accuracies of 
S percent require In excess of 400 
samples. As oxpaoted, • Rayleigh 
distribution of the sampling sites is 
preferred. In addition, the assumed 
shape of the spatial distribution does 
not significantly Impact the required 
sample else. Thus, guidelines on 
required sample slses are established. 

Sample Interpolation 
In order to illustrate the estima

tion algorithm, it is applied to soil 
data in the vicinity of the AMAX 
smelter in the New Lead Belt of South
east Missouri. 

Tha sampling sita locations ara 
illustrated in Figure 1. it is clear 
that tha sampling sites do not form a 
regular grid over the 10,000 meter by 
10,000 meter study area. In addition, 
sample estimates may be required for 
positions which are not sampling sltas. 
Thus, data Interpolation is often 
required. The result of the interpo
lation is a spatial display which 
yields sample values, either real or 
estimated, for every separately iden
tified position in the area. 

The first step in the generation 
af these spatial displays is to divide 
the study area into a siwtial matrix 
of data cells. The sise of this mat
rix is arbitrary and depends upon the 
application. For this study, the 
spatial matrix is a 64 x C4 matrix 
denoted A... Thus, the spatial matrix 
for this study, illustrated in Figure 
2, contains 4096 data cells. This 
sise was chosen as a compromise 
between accuracy and computing requir
ements. 

The first matrix subscript, i, 
indexes the columns of the matrix, 
which represent the N-S position of 
the sampling site, and the second 
subscript, j, indexes the rows of the 
matrix, which represent the W-E posi
tion of the sampling site. The indiv
idual values of the matrix elements 
represent the concentration of the 

eloment under investigation in the 
specific spatial location corres
ponding to that entry in the matrix. 
Obtaining a chemical analysis for 
each of the 4096 specifically iden
tified positions in the study area i-
usually precluded by the large cost 
of such an extensive sampling and 
analysis program. Thus, use of an 
algorithm to estimate the chemical 
parameters for a large number of the 
matrix elements is easily justified. 
—s 1 _________ 

_ /—MUM Haltar n«fk 

„4. 
i 
FIG. 1. Sampling Sito Locations. 

f • \ 

FIG. 2. Spatial Matrix. 
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In order to efficiently handle tho 
bookkeeping! a second matrix is compu
ter generatod. This matrix contains 
three rows und a column tor each field 
sample available. The first row, B,., 
corresponds to the sample values relal-
tlng from chemical analysis. The 
second row, B-., corresponds to the 
N-S position Si the sample and the 
third row, »,., corresponds to the W-E 
position. THfse general matrix ele
ments are denoted by tY,> 

Initially, the algorithm scans the 
available field data and places each 
field sample in the corresponding cell 
of the spatial matrix. If mora than 
one field sample falls into the same 
call, the cell value is taken as tha 
average of those field samples fall
ing In that cell. The algorithm then 
searches the spatial matrix for those 
data cells which do not contain field 
sample values. When one such cell is 
identified, A , the BV, matrix la 
then searched'tor the light noarest 
cells for which data exists. T'his is 
accomplished by determining the eight 
data cells tor which the distance 
function 

(B 21 - I)" (B 31 J)' (1) 
is a minimum. The estlmsted value for 
A t J is computed using the relationship 

"IJ 
8 

h-i y (B, 

K a lh (2) 
2 h - i ) 2 * ( B ; h - j > ; 

where K is a normalising constant 
given by 

B 

K L i , 
h-1 V < B j h " I , 2 + ( B 3 h " J ' 2 

The values B 

(3) 
°2h 
and B. 

3h 
in (2) and (3) ine viiuii O-K a n a °3h 

are those values of B,, and B,„ for 
which (1) is a minimuiT " 

The interpolation equation, (2), 
is structured such that each of the 
eight values is weighted inversely 
proportional to tha distance from the 
cell of interest and is normalised so 
that if the eight sample values are 
equal, *.. ' 
eight Bj™ 

A typical result of plotting the 
completely filled spatial matrix is 
illustrated in Figure 3. The height 
of the surface represents the concen-

A-_ is equal to each of the 

tration of lead in the soil. The peak 
near the center roughly makes tha 
location of the smelter stack. This 
spatial display was generated using 
the field sampling sites in figure 1. 
Approximately 2S0 cells of the spatial 
matrix contain field samples. Thus, 
approximately 3830 simple values were 
interpolated. 

FIG. 3. Interpolated Spatial Display. 
In order to separata large scale 

trends from highly localized effects, 
the spatial display of Figure 3 can 
be filtered. In addition, filtering 
smooths errors induced by tha inter
polation algorithm and also tends to 
smooth field sampling errors. This 
filtering is accomplished by taking 
the fast Fourier transform of the 
spatial display, filtering and inverse 
transforming. The fast Fourier trans
form used is the binary radix routine 
HARM of the IBM Scientific Subroutine 
Package ( 2] . This is a three dim- i-
sional transform routine, but is sed 
in this application with only tw< 
dimensions. The filtering is accomp
li shad by an element by element multi
plication of the transformed array by 
a filter array. The filter used is a 
simple two-pole smoothing filter. The 
result of filtering the spatial dis
play of Figure 3 is illustrate! in 
Figure 4. Filtered spatial displays 
are also useful for generating contour 
maps (3). Documentation for all com
puter programs utilized for generating 
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spatial display! and filtering those 
spatial displays are contained in a 
separate report [4 ]. 

FIG. 4. Filtered Spatial Display. 
Estimation Accuracy 

The estimation error in generating 
a spatial distribution is defined as 
the normalised mean-square error 
between the interpolated spatial dis
tribution and the true spatial dis
tribution from which the field sam
ples are extracted. Thus, the esti
mation error is calculated by first 
forming 

E - // A[S(x,y) - S(x,y)] 2dx dy, (4) 
where S(x,y) is the interpolated 
spatial distribution, S(x,y) is the 
true spatial distribution from which 
the field samples are extracted and 
A is the study area. To be meaning
ful , the error must be normalized by 

V - I 1 K S(x,y)dx dy, (5) 
which is the volume under the true 
spatial distribution over the study 
area, A. 

The problem is to determine the 
total number of field samples, and 
the distribution of the sampling points 
required to form an interpolated 
spatial distribution, S(x,y), satisfy
ing a given accuracy requirement. 

Since the true spatial distribution, 
S(x,y), is unknown, computer simula
tion is used. Two spatial distribu
tions were simulated, one having a 
Gaussian shape 

-x 2/2o 2 -y 2/2(J„ 2 

B(x,y) • ke x a * («) 
and one having an exponential shape 

8(x,y) - ko" B |"lo- Bl'l (71 
Those are Illustrated in Figures 5 and 
6, respectively. 

FIG. 5. Gaussian Spatial Distribution. 

Exponential Spatial Distribu
tion. 
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Two different sampling profiles 
were assumed. Fee both cases, the 
location of the sampling site is ran
dom and defined in terms of a probabi
lity density function. For the first 
sampling profile, referred to ss a 
uniform sampling profile, both tha 
x and y coordinates of tha sampling 
sitae obey a uniform probability den
sity function |5|, For this osse, 
every possible sampling site is squal
ly llkoly. The second sampling pro
file is such that tha x and y coordi
nates of the sampling sites obey a 
Gaussian probability density function 
having zero mean and a variance of 2 
units. For this case, the radial 
distance from tha center of the study 
area to the sampling site r, obeys 
a Rayleiqh probability density func
tion 16). For this reason, this part
icular sampling profile is referred to 
aa a Raylaigh sampling profile. 
Since the Raylaigh profile axtracts 
more samples whore S(x,y> is charming 
rapidly, it should givs batter 
reaults. 

The sampling sites are dofined in 
terms of a random variable) thus, a 
random number generator is used to 
select the sampling sites. Differ
ent selections of sampling sites can 
be obtained by using different "seed" 
numbers in the random number genera
tor. For each simulation, three diff
erent sampling profiles, all having 
the same statistical properties, 
were generated by using three differ
ent seed numbers. The variation of 
estimation accuracy as the seed is 
changed gives an indication of the 
sensitivity of estimation accuracy to 
small changes in the sampling profile. 
Typical sampling profiles for unifotm 
and Rayleigh sampling are illustrated 
in Figures 7 and 8, respectively. 

The mean-square estimation error, 
as a function of the number of field 
samples, is illustrated in Figure 9 
for a spatial distribution having a 
Gaussian shape. The sampling is 
assumed uniform. The parameters, o x and o„, which specify the spread of 
the spatial distribution, are both 
equal to unity. For the sampling pro
files selected by seed numbers 30777 
and 52479, the decrease in estimation 
error is approximately exponential up 
to approximately 2S0 field samples. 
Beyond this sample size, the improve
ment gained by collecting additional 
field samples is slight. The sampling 

profile selected by seed 13589 is ob
viously inferior. 

FIG. 7. Uniform Sampling Profile. 

FIG. 8. Raylaigh sampling Profile. 
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Estimation of a Ciauifian 
Distribution with Uniform 
Sampling. 

If tha same Gaussian apatial dls-
tribution ia estimated uaing Rayleigh 
campling, the estimation error behavior 
iHuetrated in Figure 10 result*. It 
is readily apparent by comparing 
Figures 9 and 10 that Rayleigh sampling 
produces a lower error for the same 
number of aamplea after approximately 
100 field samples have been collected. 
The improvement achieved with Ray
leigh sampling is, on tha average, 
approximately a factor of 2, if be
tween 250 and 400 field aamplea are 
collected. In addition, the variation 
in mean-square estimation error ia 
leal sensitive to the sampling profile 
selection with Raylelgh sampling. 

a- M urn 

FIG. 10. EJtimation of a Gaussian 
Distribution with Rayleigh 
Sampling. 

The same analysis was conducted 
assuming an exponential spatial dis
tribution. The results are illustr
ated in Figures 11 and 12 for uniform 
and Rayleigh sampling, respectively. 
For both cases, the parameters a and 

a, which adjuBt the spread of the apa
tial distribution, are both equal to 
unity. Once again, the improvement 
achieved with Rayleigh sampling is 
significant, being a factor of 2 or 
3 if between 2S0 and 400 field samples 
are collected. Mso, the variation in 
error is less sonsltivo to the samp
ling profile with Rayleigh sampling. 

WIT 
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FIG. 11. Estimation of an exponential 
Distribution with Uniform 
Sampling. 

FIG. 12. Estimation of an Exponential 
Distribution with Rayleigh 
Sampling. 

Conclusion* 
The word optimal in the context 

of the title is defined as the samp
ling profile which satisfies a given 
accuracy requirement at lowest cost. 
This typically translates into the 
sampling profile which satisfies a 
given accuracy requirement with the 
smallest total number of samples. 

An algorithm has bean presented 
which estimates sample values at 
points where field samples are lacking. 



This is accomplished by a linaar 
weighting of tha aight nearaat field 
samples. By tha uia of auch an algor
ithm, tha total numbar of lampla* re-
qulrad to form a apatial distribution 
can b«i raducad if sample valuai can ba 
estimated accurataly. 

Tha technique hat baan appliad 
to two ilmpla cases* a Oauailan and 
an exponential syatial distribution 
from a point aouroa forcing function. 
Tha raault ylalda tha number of flald 
samples raquirad to estimate a apatial 
diatributlon with a givan mean-square 
accuracy, A aacond raault is tha 
incraaaa in estimation accuracy ob-
talnad by incraaiing tha aiia of tha 
flald sampling program. Thus, a 
possible way to uaa tha technique it 
to collect a United number of fiald 
aamplaa to determine tha ganaral 
inapt of tha apatial distribution. 
Using thin apatial distribution aa 
tha trua surface, aampllng profllaa can 
ba ganaratad and tha estimation ac
curacy computad for aach profile. 
Tha flald sampling program can than 
ba complatad ualng tha bast profile. 

Since only two aimp La caaas have 
been oonaldared, much remains to ba 
accomplished before general conclu
sions can ba drawn. These Include a 
study of the effect of a distribution 
of forcing functions, a atudy of appro
priate error criteria and a atudy of 
different spatial distributions. 
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ttairtsi. 
An optical pattern recognition system It 

dticrlbtd that 1» capable of rapidly Identi
fying dlatoM species from prepared slides. 
The system 1( bated on the contraction and 
subsequent correlation of later generated 
Fourier transform hologram that act as 
spatial frequency f i l ters. The result* of 
experiments relating to rotation and dis
crimination of various species are discussed 
and the Importance of this raold data 
gathering system to water quality control 
efforts. 

The development of environmental 
quality control techniques Is a necessary 
prerequisite for both the management and 
optimal use of aquatic ecosystems. These 
techniques should provide rapid Information 
of the physical, chemical and biological 
quality of the aquatic ecosystem. Unfortu
nately, the generation time of biological 
Information has been so long that corrective 
actions are often Initiated too late. As a 
result, Inappropriate arbitrary controls are 
often imposed on industry that ere likely to 
overprotect or underprotoct the biological 
Integrity of the receiving system.1 The 
variability of the system's biological 
"state" is an important parameter and the 
more rapidly Its nature is determined, the 
more accurately can control measures be 
applied, especially when ifmled to infor
mation regarding the physlctl and chemical 
characteristic! of the system. However, 
conventional methods of biological analysis 
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often require length processing times before 
the necessary Information Is obtained. Thus, 
1t has been difficult to f i t the controls to 
the precise needs of the system. 

This paper describes a prototype system, 
b««ed on the concept of coherent optica) 
r atlal f i l ter ing, that rapidly counts and 
identifies diatoms from prepared sl ides. 1 " 3 

The justification for using these algae for 
purposes of monitoring water quality has 
been well established by Patrick et a l . * 
In addition, Xaesler and Cairns' have shown 
that the diatom portion of the aquatic 
microbial community is satisfactory for 
determining the overall structural response 
of the whole ecosystem, The close chemical 
and physical association of the diatoms with 
their environment allows for a relatively 
fast response ( I . e . community structure , 
response) to environmental perturbations." 
The capability of rapidly monitoring this 
response by noting shifts in numbers of 
species and their abundance relationships 
would considerably reduce the lag tint of 
data feedback. 

Wthods 

The spatial f i ltering technique involves 
the optical pattern recognition end counting 
of diatoms. This process utilizes laser 
generated Fourier trans form holograms as 
spatial frequency f i l ters ' that select 
diatoms of one particular structure from a 
mixed population ( I . e . the system identifies 
a particular species from a many-spades 
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population). An optical f i l ter can be con
structed for any diatom of Interest. Each 
f i l t e r contains the ttructural character
istics of tht diatom ttortd at spatial 
frequencies, tn ordtr to Identify a given 
diatom from an unknown sample, tht diatom's 
f i l te r must be optically correlated against 
tha tnttrt unknown samplt of diatoms. 
Whtntvtr there is a good correlation (1.a. a 
signal to noise) ratio from tht matched 
f i l ter a dot of light appears on an output 
screen. The screen 1s scanned (n the x-y 
plane and all the dots, their Intensities and 
locations are automatically recorded and 
stored In a computer (POP-11-40). Orienta
tion and size variations of diatoms can be 
accounted for by rotation end translation of 
the f i l ter . 

At the present time, the prototype 
system 1s designed to accept only 35 mm. 
positive transparencies of the diatom Inputs. 
The mlcrophotographs are taken from standard 
prepared diatom mounts using phase contrast 
microscopy. Eventually, this Intermediate 
Inoiit preparation phase wil l be by-passed by 
Interfacing the microscope directly with the 
optical system, thus facllatlng more real
time analysis. 

Shown In Figure 1 Is a diagram of tht 
optical system for f i l ter construction and 
correlation studies of the optical f i l ter . 
The construction of the f i l t e r Is accomplish
ed b> ; lacing the diatom transparency In the 
Input Plane and allowing the Fourier Trans
form Lent (FTL) Image to combine with the 
reference beam passing through the lens C2. 
The resulting Image at the Filter Plan It the 
optical f i l te r . 

tn order to carry out the correlation 
study of this optical f i l t e r , a transparency 
of unknown diatoms Is inserted In the Input 
Plane and tha reference beam 1s blocked. The 
correlation between the Input Plane and the 
diatom f i l t e r In the Filter Plena Is out-
putted on the scanner mirrors G1 and GZ. The 
Image of dots corresponding to the correla
tion signal Is then picked up by a photo-
diode (P.O.) end recorded (L.P/J at well at 
stored Into a POP-11-40 (not shown) computer. 
The computer analyzes the various signal to 
noise ratios for each diatom, determines the 
confidence level for the correlation signal 
and displays on a storage scope all the 
signals received. Figure 2 snows some typi
cal signal to noise ratios for various 

diatoms. Tht rotation anglt corresponds to a 
study of small rotations about tht original 
axis for which tht f i l ter was made. Shown 
1n Flgurt 3 Is a drawing of tht ovtrall 
optical proctssor, 

Discussion 

Thus far, tha system has been able to 
discriminate a variety of diatom species 
from a mixed population. Preliminary studies 
concerning diatom orientation and sizing 
differences have been conducted and Indicate 
the levels of discrimination possible.' 
Further research 1s currently underway to 
determine how these levels may be Improved 
upon, in addition to the effects of back
ground materials present on the Input slide 
and the difficulties of computer control of 
the system. 

Rtftrences 

1. J. Cairns, Jr . , K. L. Dickson, J. P. 
Slocomb, S. P. Almeida, J. K. T. Eu, C. V. C. 
Liu, and H. F. Smith (in press). Microcosm 
Pollution Monitoring. Proceedings of the 
8th annual conference on trace substances in 
environmental health. University of 
Missouri, Columbia. June (1474). 

2. J. Calms, Jr . , K. L. Dickson, G. R. 
Lanza, S. P. Almeida, 0. Del Balzo. Archiv. 
fur Mikrobioloale. S3., 141, (1972). 

3. S. P. Almeida, 0. Del ftalio, J. Calms, 
Jr . , K. L. Dickson, and G. R. Lanza. Trans. 
Kansas Acad. Scl . . Z£, 257, (1972). 

4. R. Patrick, M. H. Hohn. J . H. Wallace. 
Not. Nat. Acad. Scl . , No. 259. 12, (1954). 

5. R. L. Kaetler and J. Cairns, Jr. Amtr. 
Mid. Nat.. 8*. 56. (1972). 

John calms. Jr. and K. L. Dickson, ads., 
pp. 76 (Publisher, 1973). 

7. A. Vender Lugt. F. B. Rotz, and A. 
Klootter. Optical and Electro-Optical 
Information Processing. HIT Press. Mass.. 
edWbyNppeU"j.T. ,"S 11.. PP. 125. 



I N 

SCANNER 
02 

RECORDER 
[T] INPUT 

<J>ci 
BEAM 
SPLITTER 

FIG. 1. Schematic dravln*. of tha optical procaaaor. (C1.C2) ara tha 
algnal and cafaranca baa* collimators; (F.T.L.) Fouriar Traiufora Lana; 
(GI, C2) tha (alv^noBatar ilrror acannar; (P.S.) tha photodloda 
datactor; (L.P.) light pan racordar. 



to z 
III 

-20° -15° -»' -5° 0° 5° t C 1 

ROTATION (e'agress) 

NWCULA 
N0SEJ8 

OWTOMA 
NOSE JO 

TAGELLARIA 
NOISE -08 

CYUEELLA 
NOSE .21 

20° 

FIG. 2. Correlation function for various filters matched against the general input scene. The 
filter plane was rotated about its center. All intensity curves have been normalized to one. 



TV-INPUT 
MONITOR 

~] TV-OUTPUT ~T 
/ MONITOR f 

COMPUTER 
ON-LINE 

• z ^ y OPTK:«L " Z L y w - / L - ^ — J 
1 SCANNER j / I TRANS. | / j , . ^ ^ 

ym^7 

COHERENT OPTICAL V/ATER POLLUTION MONITOR 

FTC. 3. Drawing of the Optical Processor for identifying dfatons. 



141 
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Abstract 

Exist li* Immunochemical msthods (or tha 
dataetlon of organic contaminants ara reviewed, 
and tha spaclflc phenomenon of fluoraaeanea 
polarisation Is discussed la detail. Tha 
aaaantlal faatura of applying this phenomenon 
to an immui.oeeeay consists in first labeling 
tha contaailnant of lntarast (antlgan) with a 
fluoraacant labal, and than observing ths 
dagraa of polarisation of tha fluoraacant 
light whan atandard qusntltlaa of ths 
lsbslad antlgan and Ita aatlbody, toaathar 
with tha unknown, ara allowad to Intaract. 
Tha dapsndanca of polarisation upon tha extent 
of raactlon batwaan tha antlgan and antibody 
forms ths basis for tha quantification and 
lsawnosssay. Rsactlon bstwaan tha antlgan 
and antibody rasulta In an Ineraaaa In slsa 
of tha klnatlc unit and a ratardatlon of tha 
rotary brownlan action, which In turn la menl-
faatad by an Ineraaaa In tha polarisation of 
fluoraacanca. In tha praaanca of unlabalad 
antlgan In tha eample, a smaller parcantaga 
of tha labalad antlgan la bound to tha anti
body, and In thla circumstance tha polarlsa-
tlon obsarvad will ba lowar. Hanca, tha 
standard lmmunoaesay curva which can ba con
structs froai thla typa of data would ahow tha 
polarisation of fluoraacanca for cartaln 
standard chosan experimental conditions 
plotted aa a function of tha aanunt of un
labalad antigen, which dataralnaa tha quantity 
of tha unknown praaant. Thla datactlon tech-
nlqua la charactarlaad by airtraaaly high 
aanaltlvlty and apaclflclty. Recant results 
for a number of organic compounds of Interaat 
are presented, and Include a typical pesti
cide, fungicide, antibiotic, and hormone. 

Introduction 
Immunology as a subject Is logically con

cerned with the Immunity of 11-lng organisms 
to harmful agenta regardless of their origin, 
and Includes resistance to dleeau, hyper
sensitive reactions aa exhibited by allergic 
persons, and tolerance and rejection of 
foreign tlaaue, auch aa those encountered in 
orgen transplants. In this caae, however, we 

Scrlppa Clinic and Reaearch Foundation 
La Jolla, California 

will take a mora rastrietad view of tha defini
tion and apply It to tha maehaalaaa and tech
niques Involved In tha detection and measure
ment of organic contaminants of environmental 
Intareat. 

A substance which whan injected Into an 
animal stimulates tha animal to produce antl-
sara capable of reacting with tha substance 
In s highly spaclflc manner la referred to ee 
an antigen, and tha apaclflc protsln pro
duced la referred to as an antibody. These 
sntlbodlee belong to s group of serum pro
teins known aa Immunoglobulins. Ths produc
tion of these antibodies aa a raault of tha 
injection of the antlgan takes piece over e 
period of many waeke, and matures aftsr about 
two months. In general, "good" antlgana are 
ususlly of large molecular else (>e0,000>, 
partially digestible by eniymes, and ara 
recognised as being foreign by tha antibody-
producing animal. It will be recognised 
Immediately, of course, thst almost all tha 
compounds of environmental lntarast, such as 
fungicides, herbicides, peetic Ides, and many 
other synthetic organlca, do not have a large 
molecular weight and would appear therefore 
to ba lncepabla of stimulating antibody forma
tion. Fortunately thla la not the caae, and 
so-called partial antigens or heptane are 
cepable of being produced and reacting with a 
specific entlbody. 

Haptena are defined ee partial antlgena 
which alone cannot Induce entlbody informa
tion, yet In conjugation with e sultsble 
cerrler cen produce entlbody against ther-
eelvee it well aa against the carrler-hapten 
complex. Examples of such carrlera Include 
ovalbumin, bovine asrum albumin, fibrinogen, 
end many others. In summary, the hapten once 
conjugated with a eultabla carrier cen stlmu-
lste entlbody production. 

The remarkable feature ebout thla antibody 
stimulation is thet eome entlbody will be pro
duced which le highly specific In Ita reectlon 
with the hapten alone. It la thla phenomenon 
which allows us to uss Immunological tech
niques In the detection end quantification 
of organic contaminants of relatively low 
molecular weight, and under a variety of 
prectlcal conditlona. 



lit 

govlaw of Immunological Tochnleuoe 
Kay mean* ot applying am liemianch—leal 

reaction to a detection problem ultimately 
rallaa upon a raactlim occurring b^cveen an 
antigen or hapten and Its epeclflc antibody. 
Perhepa tha moat general means by which thla 
interaction can ha employed In meaeureaeat 
and dataction haa com* to ka known ai "com-
patltlva klndlnf aaiay". In practice, thli 
method requlree two aaaantlal reagent*' Thaaa 
ara a labeled ( o n of tha aukatance to ba 
detected or meararad and an antibody t#4clfl-
eally directed agaUat thla aykatanea. Tha 
prlnelpla of tha aaaay Involve* a preliminary 
meaeursment of tha binding of tha labalad 
antigen (aukatanea kelng datactad) with Ita 
antlkody aad than, a datanlnatlon of tha 
extant of tha inhibition of thla klndlng ky 
known quaatttles of tha unlekaled antluan, 
which corraaponds to tha unknown. Prou thaaa 
data, a atandard curve can ba eonatruetad 
which ahowa tha degree of binding ky tha 
labalad antlgan undar certain apaclflad atan
dard condition* aa a function of dlfforant 
amounte of tha unlakalad antltan or unknown 
addad. 

Tha uaual aathod of labellnt tha antltan 
to b* Identified require* tha Introduction of 
a radioactive label. When auch a radlolabel 
la uaed, an eaeenttal and crucial etep In the 
radlo-1—nnnaaaay (MA) la to aaparata phyal-
cally that portion of the labeled antigen 
which le bound to the antlhody from that which 
la unbound or free. Only In thla way la It 
poaalblei by radioactive counting, to deter
mine what fraction of the redlolebel reaalna 
bound, or la beln| bound, In the preaence of 
tha unknown. 

Alternatively, a simple direct way of 
Implementing competitive binding principles 
In an laaunoaaeay la to eaploy a fluoreacant 
label Inatead of a radlolabel. The fluorea-
cent label then allow* the aaaay to be carried 
out In principle either by fluorescence polar
isation BMSureaente, or In son* caeea by 
fluorescence Intensity measurements. Unlike 
MA, no eeparatlon of the bound and free fonsa 
of the labeled antigen 1* necessary, since a 
simple, rapid optical measurement gives the 
eeaentlal information without any phyalcal 
aeparatlon whataoever. 

The application of the Immunological tech
niques to the analysis of reeldue amounts of 
organic contaminants eppeara to be of rela
tively recent origin, end Krcegovltch1 In 
1971 gave an excellent review of work In tbl* 
area. This appears to be limited to work 
cerrled out by him at Pennsylvania State 
Unlveralty on the herbicide emlnotrlesole end 
on parathlon with sensitivities In the 

microgram range, and by Centeno2 end Haas and 
Guardla,3 ualng a tanned cell hemlglutlnatlon 
Inhibition teat with detection limits of 0.1 
ug and 1.0 u tor DDA and malathlon, respectively. 
At approximately this time Dandllkar had alao 
keen successful In developing entlbody to DDA, 
end ueed It In a more refined lmmunologlcsl 
technique with potential detection aenaltlvlty 
In tha eubnanograa-to-plcogrem ranga. This 
technique la referred to ee a fluorescence 
polarisation Immunoassay. 

fluorescence Polarisation t—unoatsay 
To adequately understand tha basic princi

ples of fluoroocenca polarisation In an Imeuno-
aaaay, soma baalc discussion of tha polarisation 
phenomenon Iteolf must b* presented. In clas
sies 1 terms, the emission from a single molecule 
may be regarded ae radiation from a slngls 
oscillating dlpolet this radiation haa an 
oscillating electric field parallel to the 
direction of oscillation of the dlpole and la 
said to ba polarised In the aama direction. 

for simplicity, assume that the direction 
of the absorption snd emission oscillators In 
e single molecule are the came and that thay 
are rigidly fixed with respect to the geometric 
axle of tha molecule. Furthermore, oaauma the 
molecule le to be rigidly fixed In position 
during the Interval between absorption and 
amlaalon (typically 10"" aac). The probability 
of abeorptlon of light le proportional to tha 
equaro of the magnitude of the component of 
the electric vector of the exciting light In 
the direction of the oscillator. Thle prob
ability la proportional to coa 26, where 8 le 
the angle between the Incident field I which 
la parallel to the Z axle, and tha direction 
of the absorption oscillator. Becauaa the 
probability of abeorptlon fells off ee 8 ln-
creaaee, moieculee oriented so that 6 Is small 
are preferentially excited, while thoee with 
lerge 8 have little chance of abaorblng. Since 
the absorption and emission oscillators ara 
parallel, the emitted light will be partially 
polarised with a degree of polarisation P. 
Thla quantity Is defined'' In terms of the 
Intensities, I, polarised either parallel or 
perpendicular to the Incident electric field. 

It can ba shown by aulteblc lntegrstlons 
that the maximum value of F that can be 
observed with linearly poterlsed light le one 
half. Now If tha molaculee are subject to 
rotary brownlan motion Instead of being 
rigidly fixed, tlien the moleculer rotation 
taking place between the time of absorption 
and emission may be expected to reault In 
values of P lying between one-half and tero. 
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The dependence of polarisation upon ttw 
extent of ruction between th« antigen and 
antibody forms the baele for tht quantlflea-
tlon and Imnunoaeeay, Miction between the 
antigen and antibody raaulte 1* an lncreeea 
In d u at th* klMtle unit M i In retardation 
of eh* rotary brovnlan motion, which i* turn 
la aantteoted by an increase 1* tha polarlss-
tlon of fluorescence. In tha presence of 
unlabeled antigen la tha eaamle a enellar per-
eantat* ef tha labeled antigen la bound to tha 
antibodyi and In thia clrcunetence tha polar(-
aatlon observed wilt ba lower, Hancei a 
atandard immunoassay curve, which can ba 
conatructad froa thia type of data, would 
•how tha polarisation ef tlworaacanca for 
certain atandard clioaa* eitaarlmantal eondl-
tlona plotted aa a function of the amount of 
unlabeled antigen, which eaaentlally doter-
•lnea tha unknown. 

Freparation of gaaaants Required tor tha 
Aeeoy of Environmental Contaminants 
laalcallyi two tech.nle.uee are evallabla 

for the eyntheele of the fluorescent derlva-
tlveei flrot, claaaical orianlc oyntheeea, 
end ••cond, free radical labeling. The 
organic synthesis adopted clearly depends on 
the etruccure of the contaalnant lteelf and 
will vary widely. Alternately• a mixture of 
the eubetanca to ba labeled, together with a 
fluoraecent dye, le Irradiated. The multi
plicity of free radical* formed during tha 
irradiation then afforda a mixture of com
pounds, eoma of which will generally ba 
fluoreacant-labeled derlvetlvea. 

Tha choice of dye involvea the consldera-
tlon of aaveral factore, tha moat Important 
being that the wavelength of excitation and 
amlaalon ahould be choaan ao aa to mlnlmlta 
Interference from any other fluoreacant 
moleculaa which happen to ba praaant in tha 
mmplea to ba tee ted. A wide range of dyee 
la available for labeling purposes, and 
includes fluorescein, dansyl, end indocyanln* 
green. 

The preparation of an antibody against a 
contaminant beglna by coupling tha pesticide 
to a highly immunogenic molecule such aa oval
bumin, and introducing the complex into 
i-abblta by means of Intradermal injectlone. 
Tha Initial immunisation ylelrie "primary 
response" antlbodiee, which are usually of 
fairly low specificity, booster immunisa
tions can ba given and secondary response 
antibody collected, which la generally mora 
specific end of higher titer. 

Experimental asaults 
A nuamar of aaaaya have bean conducted 

ualng thia technle.ua, and tha resulting eenel-
elvlty and specificity have been extremely 
encouraging. 

A specific example of the curves obtained 
for en aaaay of 2-Amlnobenslnldasole la shown 
la Figures 1 and 2, where the rata of change 
ef polarisation aa a function of tins for 
varying concenttat ions of inhibitor la given. 
Tha resulting standard Inhibition curve la 
shown la Figure ], from whloh one can conclude 
that a detection llalt of M O pgfcl can be 
obtained. 

To obtain a meaeure of tha eeaclflclty, an 
Inhibition experiment waa carried out ualng 
benalmldeeole ae opposed to 2>Aalnobt'nalmlda-
aole, the structures of which are ehrwn In 
Figure 4. The rete of change of prierlsation 
with benslaldaeole are found to b« two ordara 
of magnitude slower than with 2-/aUnobantlml-
dasole, which Indicates a ramerkiibly good 
specificity considering that no ipeclal effort 
had been made to obtain high spasticity anti
body. In Figure S the results of the eeaey 
of e number of other organic compounds are 
shown, together with their detection sensi
tivity. 

Conelualone 
In conclusion we eae that a new aaaay 

technique for organic conpounda has been 
developed which has a high degree of epecl-
flelty and a detection sensitivity In the 
nanogram-to-plcograa range. Tha aasay la 
rapid and can ba carried out by personnel with 
very little training, which makes It particu
larly valuable for field use. 
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Fig. 1. Rata of changa of polaritation aa a 
function of Inhibitor concantratlon 
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function of Inhibitor concentration 
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TRACE ELEMENT DISTRIBUTIONS ON MALKER BRANCH WATERSHED1 

R. I. Van Hook, W. F. Harris, 
Q. S. Henderson, ind D. E, Reichl* 

Environmental Sciences Division 
Oik Ridge National Laboratory' 
Oik Rioot, Tennessee 376JO 

ABSTRACT 
Distributions (g/ha) of cadmium, litd, *nd 

zinc on Walker Branch Watarshed, • foraited 
ecosystem in tait Tennessee, were developed 
from data on concentrations of these elements 
In ltivti, branches, bole, rooti, tnd Utter 
for four major fortit typo* of this system. 
Tree species used in thtit budget celculations 
accounted for greeter than 85X of tht total 
standing crop of eboveground vegetation. 
Foratt typat consisted of shortfeaf pint, oak 
hickory, chestnut oak, and yallow poplar and 
Includad both ovarttory and major understory 
(radbud, black gum, dogwood, ate.) spades. 
Element concentration! were datarmlnad on 
pooled samples by (sotopa dilution spark 
source mass spectrometry (IASSMS). 

The elemental budgets Indicate that, on 
Walker Branch Watershed, the organic Utter 
compartment contains the greatest percentage 
of accumulated cadmium, lead and zinc. Of 
the living components, the lateral roots have 
the greatest accumulation of these three 
elements. These ecosystem compartments 
exhibiting accumulation are suggested as 
possible Tod for primary toxic effects. 

INTRODUCTION 
The understanding of natural processes 

governing circulation of trace toxic elements 
In the biosphere 1s a prerequisite for assess
ment of the envlronmental behavior of these 
materials. Long-term ecological behavior of 
trace elements Including pathways and rates if 
dispersion, residence times In various compc-

'Th1s work was supported by the National 
Science Foundation - RANN Environmental 
Aspects of Trace Contaminants Program 
under NSF Interagency Agreement AG-389 
with the U.S. Atomic Energy Commission. 

'Operated by Union Carbide Corporation for 
the U.S. Atomic Energy Commission -
Contract Number W-7«S-eng-26. 

nants of eeosr terns, and chemical transforma
tions are largely unknown. In an effort to 
develop the information necessary for evalua
tion of ecos'.tem cycling of trace elements, 
distribution, of the trace metals cadmium, 
lead, and z nc have bean determined for the 
major vegetation components of a forested 
watershed in east Tennessee (Walker Branch 
Watershed). In i t ia l ly , concentrations of 
these thro elements were determined in both 
overstor and understory species comprising 
88X of a vegetative biomass on Walker 
Branch itersfied. These data represented 
our f l ->t year's effort as was reported at 
the f irst Annual HSF Trace Contaminants 
Conference.1 Durina the currant year, these 
concentration data have been combined with 
vegetative biomass data obtained in the ISP-
Eastern Deciduous Forest Horn program1 to 
arrive at distributions of cadmium, lead, 
an'' zinc accumulation in vegetation on Walker' 
B- mch Watershed. The purpose of determining 
<• strlbutlons of trace metals in natural 
orested ecosystems 1s to assist In iden

tifying sites of accumulation (species or 
ecosystem compartments) and critical eco
system pathways. This type of inventory 1s 
essential to Implementation of forest ecosystem 
models of trace element circulation. Jointly 
these models and established data bases may 
then be used 1n developing monitoring strate
gies for other forested ecosystems by defining 
the critical pathways and ecosystem components 
which must be included 1n a routine surveil
lance program. Development of monitoring 
strategies for trace toxic elements is a major 
contribution of this research. Proper Imple
mentation of these strategies can maximize the 
amount of information obtained while minimizing 
the number and kinds of samp! > to be obtained. 

SITE DESCRIPTION 
Walker Branch Watershed is located on the 

U. S. Atomic Energy Commission's Oak Ridge 
Reservation in eastern Tennessee. The 97.5-ha 
watershed ranges in elevation from 265 to 360 m 
above sea level and Is underlain by dolomitlc 
limestone. Streamflow from the watershed 1s 
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measured with calibrated V-notch weirs; pre
cipitation is monitored et five sites with 
recording rain gauges. Samples for analysis 
of the chemical composition of rein, dry 
particulate fallout, and streamflcw are 
collected et these gauging stations, Detailed 
descriptions of the watershed and H i faci l i 
ties are available."' 

I'he climate of the Oak Ridge *ru U 
typical of the humid Appalachian region, Mwn 
annual precipitation Is about 136 wi and tem
perature averages 14,7'C. Strtamflow from the 
watershed averages 52K of the precipitation 
with the remaining 46* b«in* lost through 
avapo-transplration. The detailed hydroloaic 
cycle of Welker Branch has been character
ized,* and simulation models are butng devel
oped for prediction of the dynamic responses 
of mineral cycles to environmental variables. 

Soils of the Fullerton and Bodlne series 
occupy greetsr than 9BX o* the watershed 
area.' These soils are classified as typlc 
paleudults (formerly termed red-yellow pod-
zollcs) and are well drained, acid, Infer
t i l e , and commonly contain abundant chert. 
These trt residual soils formed over the 
weathering dolomltlc bedrock. Most of the 
watershed Is composed of slopes ranging from 
10 to 60)!. 

Forest vegetation of the watershed has 
a mean basal area of 20.8 m'/ha and 1s typi
cal of the oak forests of the Ridge and Valley 
Physiographic Province. Four major associa
tions of overstory vegetetlon are present:' 
pine, yellow poplar, oak-hickory, and chest
nut oak. The pine association 1s composed 
primarily of shortleaf pine (Pinus echlnata) 
with lesser amounts of VirginTapTneTP". 
v1ro1n1ana) and generally occurs on ridge 
tops. The yellow-poplar (Liriode idron tulipl-
fera) type occurs along stream channels and 
onTower slope positions. Chestnut oak (pre
dominantly Ouercus prlnus) occupies more xerlc 
ridge positions. The oan-hfckory (Quercus 
spp. - Cerya spp.) association occurs on 
s'ape positions intermediate between the ridge 
tops and stream bottoms. 

MATERIALS AND METHODS 
Fornst Inventory Data. The vegetation 

1nventor> system consists of 298 permanent, 
nested circular plots which were established 
using a stratified random design.' Initially, 
In 1967, each tree >1.2-cm DBH was identified 
by species, assigned a permanent number, 
tagged at 1.5 m aboveground and measurements 
of dlemeter and height were recorded.1'' Fre
quency of trees <1.2-cm DBH within 60-cm-
height classes was recorded by species. 
Resurvey measurements (1970 and 1972) Included 
DBH, mortality since plot establishment 

(recorded separately for standing dead and 
fallen stems), and Ingrowth (growth of trees 
Into the next largest diameter class). The 
total survey represents Information on 
^11,000 stems >1.2-cm DBH. These data form 
the basis for describUg blomass pool sizes, 
and dynamics associated with Ingrowth, out
growth, mortality, and transfers to woody 
litter. The present summary of trace ele
ment distribution 1s bat id on the 1970 c'.-nri 
Inventory for trees >t.£-dm DBH, 

Blomits Estimation Procedures; Above-
around components.Estimates of aboveground 
forest biom'ass were based on allometrlc rela
tions between various weight components (i.e., 
branch, bote, and foliage) of individual trees 
and their DBN. Allometrfe relations were 
derived from extant dry-weight data collated 
uy Sol 11ns and Anderson7 for about 40 spades 
in the southeastern U.S. including about 2S0 
trees with OBH >10 cm, Even with this large 
amount of harvest data, only a few species 
were sufficiently well represented along a 
range of DBH to warrant derivation of single 
species allometrlc relations.* Therefore, 
regressions were developed from the pooled 
data.2 

Blrmass Estimation Procedures: Below-grountTtomponents. Estimation of beiowground 
iomass pools utilized two procedures, Stump 

weight, defined as the central root plus 
large laterals to a 60-cm radius, was obtained 
from regression analysis on DBH.' Lateral 
root blomass beyond the 60-cm radius was 
determined from excavation of soil pits (75 
by 75 cm) to the depth of the major rooting 
zone (̂ 60 cm). Excavated soil was dry sieved 
in the field; root organic matter was returned 
to the laboratory, washed in tti water over 
sieves, and dried at 100 C. Periodic micro
scopic examination indicated this washing 
treatment was sufficient to remove soil 
material without damaging root structure. 
Ash values of roots >0.5 cm diam were com
parable to ash values of aboveground woody 
material (5-6% dry wt). Ash values of roots 
<0.S cm diam were higher on the average, but 
did not exceed 15% dry wt. 

Litter Organic Halter Estimates. For 
each forest type, six plots representative 
of a range of slope (S to 553S) were sampled 
intensively to determine litter pool sizes 
and annual variation.' At Intervals of two 
to three months, three 1-m' subplots were 
randomly selected v,., each of the 24 permanent 
Inventory plots. Woody material >2.5-cm diam 
was removed from this entire subplot. A 
0.25-m2 subarea was used to obtain samples 
of 0] and 0 2 litter for weight and element content analyses. The separation of 0] and 
0 2 litter horizons was accomplished in the 
field on the basis of Oi organic material 
being recognizable to species and 0 2 being 
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branches and twigs (<2.5-cm diam) from other 
Oi material was completed in the laboratory. 
Moody l i t ter (material >2.5-cm diam) inputs 
were estimated from windfall estimates of 
permanently tagged trees averaged over the 
entire forest type. 

Trace Element Analyses. Samples of 
vegetation and soil were obtained from 
transects on Walker Branch Watershed.1 

Vegetation sampling (leaves, f irst year 
twigs, branches and bolt) r. - confined to 
the 11 major tree species (uttcd in Table 
1)j trace element content of root material 
was determined from samples of root mass 
collected during excavations of soil pits 
<r representative stands of major forest 
types, Litter san.ples consisted of Oi and 
0 2 hoi :20ns from representative plots of 
each major forest type. Trace element con
tent (Cd, Pb and Zn) was determined by iso
tope dilution spark source mass spectro
metry (IDSSHS) and are accurate to ti%. 
Detailed procedures of treatment during 
chemical analysis are summarized elsewhere.' 

RESULTS 

Concentrations of Cd, Pb and Zn 1n bio-

mass and organic matter components of forests 
on Walker Branch Watershed are summarized 
In Table 1. Species sampled comprise 88% of 
the total forest blomass, and are represen
tative of both ovevstory and understory 
species. Lt»d concentrations generally were 
higher In components of hickories, black gum, 
dogwood, sourwood and black oak. Shortleaf 
pine, hickories, dogwood, sourwood and black 
gum exhibited above-average levels of Cd, 
while only hickories and Slack oak contained 
above-average levels of Zn. Generally trace 
element concentrations 1n 0, l i t ter were 
higher than those in Oi Utter . Lead and Zn 
concentrations of Oi and 0j l i t ter horizons 
1n the pine forest type ware simitar, while 
Cd levels in oak-hickory 0; l i t ter were 3X 
lower than levels in the 0 ; . Trace element 
concentrations (n root tissues were consis
tently higher 1n roots <0.5-cm dl.-m. Concen
trations of Cd, Pb and Zn in roots <0.S-cn 
diam were equal to or greater than the arith
metic average of trace element levels in 
foliage. 

Trace element concentrations (Cd, Pb 
and Zn) 1n woody species and Ut ter , and 
above- and belowground blomass of major 
forest types (Table 2) were usad to esti
mate the accumulations of these metals 1n 

Table 1 

Summary of T n n Element <C4. t% HHt I n I Concentration, of Ikmtm end 
OrfMk* Matter Component* on WiNter IriiKfi Wnonhto1 

Specie;. 
Pb 

Element! ppm] Zn 
Specie;. 

Fullatc 1 Branch Bole FoUafi ! 1 Sratwh Bole Fullatc 1 Branch Bole 
Foliate Brandt Bole 

FoUafi ! 1 Sratwh Bole 

SliortloafPtne 4.2 1.0 0.35 0.48 0.3 0.21 10 6.3 35 
Cluvnul Oak 3.2 1.3 065 0.16 0.11 0.02 14 1.4 0.2 
Red Muple 3.2 5.9 1.6 0.17 0.34 0.24 19 ISO 8.2 
Hk'fcutlu 7.8 4.0 2.8 0311 0.39 033 36 11.0 14.0 
Tulip Poplar 2.7 3.1 0.63 0.20 0.03 0.03 IS 4.8 26 
While Oak 3.0 1.6 0.44 0.12 0.03 0.05 18 36 3.1 
Red Oak 2.1 08 0.74 0.35 0.08 0.11 17 34 3.1 
Blackium 6.0 4.6 0.64 0.38 O.Oh 0.12 15 96 5.8 
Dogwood 10.4 5.2 2.8 1.10 0.04 0.31 16 12.0 5.3 
Soiirwood 4.1 3.6 4.0 0.84 0.24 0.15 21 6.0 3.7 
Black Oak S.2 3.5 1 1 0.69 0.30 0.14 28 07 5.3 

Forcet Type 

Yellow Poplar 

Pb Cd Zn 

Cheilnul Oal 
Pb Cd 

! Oak Hickory Pine Yellow Poplar 

Pb Cd Zn 

Cheilnul Oal 
Pb Cd I n Pb Cd Zn Pb Cd Zn 

pom 

Litter 
0 , leaf .31 0.79 SB n 0.42 42 25 062 48 31 0.26 56 
0 ! 42 100 130 SI 0.81 110 35 0.20 125 37 0.60 59 

Roots 
< 0.5 cm diam 12 0.74 59 9.2 0.57 24 25 0.33 3S 7.4 0.43 40 
.5-2.0 3.1 O.IS 14 3.7 0.34 16 8.3 0.33 20 2.0 0.3 16 
>2 .0 2.4 0 33 14 1 * 0.23 12 1.6 0.36 14 1.7 0.: 10 



IM 

T*ble 2 

»<W 
imwr^w vnniiMiwiB wnwMfj> rim 

kt/tuKIO* 
r>tti«> 1.4 4.7 4.1 44 
ttNWll 21.1 M.1 M l 17.1 
M i •)) 101.4 40.* 44 .ft 
tmmf 111 14.0 14.1 I7fl 
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0, 4.4 70 17 104 
0, 7.1 144 141 IJ7 

•ARM H u l k * A l l ? ) . 

orgtnlc mttttr of ttw wttershtd tret. At to 
txtmplt of tht pitttrn obstrved, T«b'i 3 sum-
Mr* ltd tht distribution of Pb in tbovtground 
64OMH tnong mtjor trtt species In tht o*k-
hickory fortit type. Trtet element tccumul*-
tlon gtntrtlly follows tht blomtss ccntribu-
tlon of ttch sptcles; exceptions trt thost 
sptettt Known to tccumulttt tract tlemtnts 
(t.g., hlckorits, rtdntplt). 

Tib It 3 

«MfTMH rV«t *.lfTlHll 
StWIH 

«MfTMH 
n*m •MW* M i T<M U t t 

•btwttttfftM 0*7 • •T • 11 • 11 • H 011 
CtiiumifM »• 1*1 I H M M HJt 

S 1 I H l*T) l«*T 130 140 
HkAwm »* t N U N M M It? 7 4)(T 
Yrfarpytr ;• • 11 * M !*» 77 u 
W w t M »• I H I H tit I I I t 4V 
N f t t i O * 0 ) • I * Oi l • M 1 M CM 

Trtct element pools of Cd, Pb tnd Zn 
conttlntd in rjot biomtss irt sustMriztd tn 
Ttblt 4. B1 oi»*ss dtt« from tht 11ml ltd number 
of root pits (H-10) wtrt tvertged ovtr t i l 
fortst types. Thtst Mtn Uttrtl root bio-
MSS estlmttes trt: 7.9x10* kg ht"' roots 
<0.S on dlM)i 5.5x10' kg hi* 1 (roots 0.5-
2.0 cm dltm) tnd 3.1x10* kg hi"' roots 
>2.0 cm d1«m). Thus, dlfftrtncts tnong trtct 
tlement contents trt tttribuUbl* to concen
tration dlfftrtncts In this trtttmnt. Hoot 
blomtss (tvtrtgt of i l l fortst typts) 1n tht 
S!M cltssts, <0.S-cm dim, 0.5-z.O cm dltn 
tnd >2.0-cm dltm, wis dlstrlbuttd In tht 
rttto of 2.55:1.77:1. With rtsptct to Cd, 

Ttblt 4 

k « M * i l 

ftmityf 
Ytttwr^to OtMtktMy 1 nmmriOik tot 

Clt»l—<*/•*> 
<0Sim » J s 1 
0.1-2.0 «n 1 1 1 2 
>2.0CM 

TuMl 7 
1 
ft 

L4**<tVk4t 

1 

7 
1 

* 

< 0 . S M I IS 144 71 SI 
0,1 20 cm 17 44 20 I I 
>2.0rt» 7 I I * s 

Tout 114 »S 
Z«K<t**l 

44 74 

<O.Sm 444 177 It4 116 
05 2.0cw 77 110 44 44 
>2.0cm 

Taul 
41 

SM 
41 

4 N 
17 

114 

11 

41S 

only distribution In tht oik-hickory tnd 

Sine fortst typts tpprotchts this rttlo. 
Istrlbutlon of Cd In ytllow popltr tnd 

chtstnut Mk fortst typts rtfltctt hlghtr 
conctntrttlons 1n roots <0.5-cm. Distri
bution of Pb tnd Zn rtfltct conilsttntly 
hlghtr conctntrttlons In roots <0.S-cm dim. 
Present tntlysts do not distinguish whether 
trtct tltwntt trt Incorporated In root 
tlssut, tbtorbtd on sol! ptrticlts on root 
surfiets or tssocltttd with myicrrhlzt. 

Among foitst typts, Htttr orstntc 
mtttr ts Oi-lttf ivtngtd 8.3 x 10'/kg 
ht"1 (XX of tot*I litter) tnd 0, tvertged 
14.9 x 10' kg ht"1 (Ttblt S). Tnct tlenent 
distribution In l i t t tr wtt slmllir with tn 
tvtrtgt of 28* of tht Htttr-ctdmium, 32X 
of Htttr-lttd tnd 27* of lltttr-zinc found 
1n tht Oi Htttr comptrtmtnt. Thtrt wtrt 
two nottblt txctptlons. In tht otk-hlckory 
typt, 60X of tht lltttr-ctdmium wis In tht 
Oi-lttf comptrtmtnts this probtbly rtfltcts 
tht high lttf concentrations obstrvtd in 
hickories tnd tht rtUtlvtly slow dtcty rttts 
of hickory Ittf litter (U. A. Thorns, 
unpublished ditt). In tht chtstnut otk 
fortst typt, Oi I t t f Utttr conttintd only 
13 - 17X of Zn. Cd. Pb pools. Low folitr 
concentrations In tht domintnt Outreus prlnus 
my tccount for this distribution pttttrn. 

Tht contributions of ttch fortst typt 
to tht tottl tccumulttlon of Cd, Pb tnd 
Zn on Utlktr Brtnch Utttrshtd wtrt estimated 
f*om tht mttn trtct tltmnt pools In etch 
forest typt. ts well ts the tr«nsit1on*l 
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stands, and tho percent of tho watershed 
trot occupied by tteti forest type (Tablet 
l« 7, and I ) . Deviation! of tract element 
distribution fro* thtt which would bo expected 
on t simple trot bails art attributable to the 
characteristics of tho dominant species. 
ShortW»f t in t boleweed, for example, exhibits 
low concentrations of * » , average concentra
tions of Zn and high concentrations of Cd. 
Chattnut ook boloMood, on tho othor hand, 
exhibits low coneontrattom of Cd, f t , and Zn. 
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DISCUSSION 

That* budget calculations utllite ana
lytical results from pooltd samples of bio-
mess and organic matter components. Utile 
analytical arrort art wltnln tit of tho 
raported veluos of Cd, Pb end Zn levels, 
aitlMttt of biological and spatial varl-
ablllty of tract element eonta.it cannot ba 
obtained from pooled temple analyst*. Con-
clutlont drawn fro* tuch a foneral survey 
should only serve to guide tuch additional 
analyses as are necessary to establish 
patterns of blologlctl and spatial variation, 
and to suggest directions for research on 
loci of trace element accumulation 1n the 
ecosystem end the potential effects of 
occumulttlon on biological processes. 

A principle functional attribute of 
ecosystems 1s the recycling of essential 
elements throuah processes of uptake, 
accumulation, and deeth of autotrophic 
components, and Microbial Iambillrttlon 
and ml rural 1litIon of tlament content In 
detritus. This sa*» complex of biological 
processes would Influence the transport 
and eccuauUtlon in ecosysteM of non
essential, potentially toxic, trace elements. 
In the context of blogeochemtcel cycles, 
carbon (as organic nutter) end water can 
conveniently be viewed es "carrier" system, 
alternately acting to transport or tecum -
late elements. 

Given thet elemental input to the eco
system Is a continuing process, it can be 
expected thtt during the course of time, 
phenomena of bioeccumulatlon. differential 
uptake and chemical fixation can lead to 
accumulation or conservation of mineral 
elements essentitl to the continued growth 
or maintenance of the ecosystem. For Walker 
Brencn Watershed, accumulation and conserva
tion of nitrogen at the expense of consider
able energy (carbon) has been shown.*<" 
It has also been established from Input-
output relationships that the Watershed is 
accumulating trace elements (Anders Andrei, 
unpublished data). While knowledge of the 

http://eonta.it
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Input-output balance indicates that net 
accumulation of tree* elements Is occurring, 
components within the ecosystem (e.g. . t o n , 
organic Mt ter , living blomett) mitt be 
exMloed to determine whet blottc or tblotlc 
process** ere contributing to the net accumu-
let Ion. In the C M * of tree* toxic element* 
time loci of accumulation repreient tteget 
In critical pathways which either Influence 
trentport In foodcnalns leading to men or 
potentially Impair functioning of ecoiyitem 
prooHiet due to toxlfleetten at hn boon 
shown for decompeiltton processesin Swedish 
forests heavlly pel luted w< th Cu." Obser
vations 1n the lemediate en¥lroni of t lead 
•milter 1n th* Crooked Creek watershed 
southeastern Nltswrl) of apparent accumu-
etlon of t i t ter organic matter (A. Watson 

and R. J. luxmoore, eertanal communication) 
and eapauaeratr amewnti of fine rooti 
(A. Motion and M. F. Herri i , unpublished 
date) merit doner examination to determine 
the extent to which ecosystem function l i 
Impaired and whether trace element accumu-
latlon I t a camel agent. 

The concept of organ1c matter et a 
temple "carrier" of trace element! appears 
to hold «at1«faetort«1ly for moit components 
of the forest blomatl budget on Walker Branch 
Watershed. Heen percentegei of living 
tlttue closely agree with relative distr i 
bution of Cd, Pb and Zn (Table 9) . Clearly, 
certain taxa such as hickories contain higher 
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levels beceuse of their diff«rent<«l uptake 
patterns. This is evidenced in the oak-
hickory type by the fact thtt hickories con
tribute 24'< of the total aboveground biomass 
which contains 46. of the Pb accumulation 
in aboveground biomass (Table 3). 

An exception to the concept that 
organic matter acts at a sample "carrier" 
of trace elements is the lateral root com
ponent. Lateral rootl comprise only IV, of 
the living forest system; yet 28. of the Td 
accumulation and 40' of the less nx»1l« Pb 
and Zn accumulation 1s associated with root 

organic matter (Table 9). Of this accumu
lation associated with lateral roots, 60% 
(Cd) to 77- (Pb) it associated with the 
highly active pool of roots 0.5-cm diam 
(Table 4). Other studies in a yellow poplar 
forest and a loblolly pine plantation have 
demonstrated that this large pool of biomass 
(̂ 4.0 x 10' kg ha*') 1s annually renewed and 
the sloughed organic matter Is cetabo11zed 
in heterotrophic metabolism."'" As stated 
earlier, the present general survey does not 
permit detection of specific locations of 
trace elements associated with roots, whether 
accumulated In root tissue, associated with 
mycorrhlial activity or associated with 
adhering soil mineral or organic particles. 
The latter explanation seem inplauslble 
based on measured mineral ash content (s* 
to ISt) and concentration! of Cd, Pb and Zn 
1n soil. This pattern of trace element dis
tribution suggests that one possible eco
logical effect of accelerated trace element 
Input may be related to rhlzosphere physio
logy. Impaired weter or nutrient uptake, 
whether the result of toxlflcetlon of mycor-
rbize or direct impairment of root physio
logy, could seriously affect forest produc
tion end subsequently other aspects of eco
system function. The question requires much 
additional research to ascertain critical 
trace element levels, the extent to which 
forest productivity would be depressed m i 
other contributing fector Interactions. 

The forests examined on walker Branch 
Watershed ere all second growth; the accumu
lating blomast end litter organic matter 
pools are not In equilibrium with annuel 
detrltu'. Inputs. The historical pattern 
of trace element Inputs Is unknown. There
fore, the patterns of accumulation of trace 
elements in litter ere affected by several 
processes operating over long temporal 
sceles. Including the Utter decey charac
teristics which result in litter organic 
matter residence tines ranging upward from 
I* years (yellow poplar). Thus, the corre
lations between litter organic matter accumu
lations and corresponding trace element 
burdens ere not clear. However, In this 
relatively unpolluted forest ecosystem. Cd. 
Pb and Zn are accumulating in litter horizons 
of the soil. Litter (0, • 0,) accounts for 
13: of the total forest organic matter 
(excluding soil organic matter); this frac
tion of organic matter contains en average 
of 34s of total Cd in all organic matter, 
71? of Pb and 64% of Zn (Table 9). 

Some of this accumulation In litter 
might be attributable to the root distri
bution since certain forest types typically 
have significant root extension in the 0 2 litter horizon (oak-hickory, chestnut oak 
and pine). Yellow poplar, however, exhibits 
little or no root extension in the 0 2 horizon and has a slndar portion of the total 
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trice elemnt burden (n organic mttter in 
l i t ter (37% of Cd, 63X of Ft, *nd 53X of 
Zn vt win distributions ibovt). In light 
of this behtvlor «t tow to nodertte lovott 
of trice element input, tht doeumentitlon 
of Imptlrid ecosystem processes in hitvlly 
polluted systems ctn bt expected." 
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THE IMPACT OF LEAD MIXING AND HILLING OPERATIONS 
STREAM MATER QUALITY IN SOUTHEAST MISSOURI 
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University of Mlaneurl-Rolla 

Rolla, Missouri 

Abatraot 

This papar summarises tha raaulta 
of lntanalva itudlaa ee determine if 
ehanfaa In watar quality hava ooourrad 
In tha Clark National rorait araa 
SIAOO It became tha alta of tha 
world's largest load Mining and 
milling oparatlona. Thaaa atudlaa 
hava included 3% years of bi-weekly 
analyala of filtered and non-flltarad 
haavy natal lava la, as wall aa 
some 17 phyaleal and chemical para-
matere of pollution at 21 oontrol and 
non-oontrol stream altao in tha areaj 
aampling and analyala of runoff watar 
from a emalter watershed and a control 
watarshadi analyala of stream aedl-
awnta of Cloarwatar Lake, tha only 
long tara holding baaln in tha areai 
analyala of tha loaohataa from aoils 
naar tha smelter both In tha natural 
atato and aftar saturation with 
load and/or sinoi and analyaia of a 
meander system for polishing tha 
tailing! ponds commonly uaad by this 
induatry aa a treatment davlea. 

Thaaa atudioa hava shown that 
tha ragion haa axparianood only 
Minor incraaaaa in dlaaolvad haavy 
metale from tha aoil to tho streams 
and out df tha eooeystem aa vary 
fina suapandod solids, particularly 
during runoff, la a major transport 
mechanlem. Thara la avidanca that 
thia matorial may ba building up in 
Claarwatar Laka, though it la poaalble 
that thia la not a permanent aink. 
Leachat*<j from grossly contaminated 
•oils do not proaant a problam to 
tha ground watar of the ragion. Tha 
maandar traatmant ayatam haa baan 
vary aucceasful in eliminating both 
tha massive algal blooms which had 
developed below the effluents of many 
of those mine-mill operations, and 
tha heavy metals which they trap. 
Thia algae which has concentrated lead 
to levels aa high aa 17,000 ug/g dry 
weight and choked the streams haa 
virtually diaaappeared; the normal 
levela of algae which do exiat now 

hava lead contents in tha range of 
2S0 ug/g, furthermore, studiea by tha 
Missouri Department of Conservation, 
baaed on bent-hie diveraity indices, 
indicate that the stream haa returned 
to pro-mining watar quality levela. 

Introduction 
Tho investigations •ummarised in 

thia papar were performed In order toi 
1) evaluate the effecta which tha dev
elopment of the world's largest lead 
mining dlatrlct, known c* the Hew Lead 
•alt or Vlburnun TranJ of toutheaat 
Mlasouri, would produce u> tha quality 
of the streams draining tha Clark 
National Forest araa surrounding thaae 
oparatlonst 2) to evaluate the role 
which thaaa watar systems play in tha 
transport of haavy metals through and 
out of tha forest ecosystem) an! 3) 
where poaalble, to explore techniques 
for improving the water quality of the 
region. 

The study area has been described 
in detail in a recent National Science 
Foundation Report (1). Surface rock 
outcropplnge and the mino aquifer 
oonalat of dolomite and limestone. 
Bocauee of tha topography of the region 
no stream recelvee the diacharga of 
mora than one mine-mill corpieK (1). 
Numeroua smaller streams, in close 
proximity to these operationa, are 
unaffected by the mining activity 
and aerve aa control atreama. 

The mine-mill activities produce 
two potential sources of water pollu
tion! 1) mine watar from the sub-
surf see operation, and 2) mill watara 
used for the ore concentration process. 
The mine watar contains colloidal ore 
particlaa, grease, oil, and nutrients 
from the unspent exploaive matariala. 
Tha mill wfter contains not only ele
vated heavy metal concentrations, but 
alao organic reagents used in the mill
ing process. Background studiea on 
these organic reagents have been 
reported by Jennett and Wixion (2) and 
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tha geochemical natura of thaaa efflu-
anti hava baan described by ttolter and 
Tibba (3). Tha waata watara from 
thaaa mine and mill oparatlona do not 
normally find thair way to tha aurfaca 
stream systems until thay hava raoaivad 
traatmant in, at least, a single tail
ings pond. A aumnary of tha factor* 
contributing to anvlronmantal chingai 
in watar quality la shown in Table 1. 

TABLE 1. Summary of factors contrib
uting to environmental 
change. 

I. Mine watar 
Natural Nutrlant Load <. "ub-
tarranaan Hatar 
Pual Spills 
Oil Spills 
Hydraulic Fluid Spills 
Small Hlnaral P»rticlea in 
Mina Bffluant 
•laating Agants - Spills and 
Partially Oxidised Compounds 
ara Nutrients 
Highly Variabla Mlnaral Contant 
of Or* 

II. M m Oparatjon 
Chamlcai Spills 
Variabla Mlnaral contant of 
Ora May Causa 
A. Excessive usa of Reagents 

and Loss of Toxic Chamicals 
to Bffluant 

a. Low Recovery of Haavy 
Matals During Pulsa of 
Vary Rich Ora 

Chamlcal Reagents Hot Adsorbad 
to Coneantrata Ara Relwaeed in 
Effluant 
Improperly Placad Concentrate 
Piles Allow Dispersal of Heavy 
Metals 

ill. Tailings Ponds 
Improper Design of Placement 
of Ponds, Insufficient Siie 
or Number 
Insufficient Retention Time 
Release of Toxic Milling Re
agents to Streams 
Release of Organic and Inor
ganic Nutrients to Streams 
Releaae of Finely Ground Hock 
and Mineral Particles to Stream 

Procedurei 
Samples for the general water 

quality studies have been taken on a 
bi-weekly basis for the last 3>j yaara 
at 23 sites. Background data at 
most of these sitee exist prior to 
mining activities (3). In addition, 

two automated runoff sampling station* 
ware established - one on a control 
watershed and one on the smolter water
shed ~ to determine if heavy metals 
washed from tha soil to the streams. 

Quantitative determination* of 
the metallic content of the water in 
both dissolved and suspended ttatos, 
• nd of the stream sodlmsnts, ware 
made by the Environmental Tra c 
Elements Laboratory of the University 
of Missouri usinu atomic absorption 
techniques (1). The separation 
between dissolved and suspended 
matter was made by assuming that water 
passing a 0.4S micron Millipore fil
ter contained only dissolved material. 

Chemical and physical parameters 
other than metals ware measured in 
accordance with "Standard Methods" «>. 

Samples of stream and lake sedi
ments ware iiken at irregular inter
vale during the course of thic study. 
These samples ware always passed 
through an 80 mesh sieve prior to 
digestion and analysis to remove 
large gravel. A more complete des
cription of thj techniques will be 
found in reference (1). 

Results 
A. General Studies 

Table 2 summarizes tha maximum, 
minimum, and average values for lead 
and othar metals which have been found 
in the streams of this region. The 
mass flows of heavy metals ara based 
on the average concentrations of the 
element times the annual average flow 
(where available) not including run
off. Dissolved cadmium mass flows 
were not calculated since the levels 
were generally too low for accurate 
analysis. 

A summary of the physics i and 
chemical parameters of water quality 
for IS of the 23 principal sampling 
stations is shown in Table 3. There 
were few obvious differences to be 
found between the physical and chem
ical quality of control streams and 
those receiving mine-mill effluent. 

A statistical review of the data 
from these tables is still being made, 
however, some facts are known. The 
dissolved heavy metal content of these 
waters is minimal; however, a compar-
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ison of the filtered verius unfiltered 
stream water samples hat shown that 
considerable quantities of heavy 
metals aire present in a finely divided, 
suspended particulate state. Two 
points are of interest! first, almost 
all of the high dissolved readings 
have occurred during the last year and 
secondly, virtually all of these 
readings both total and dissolved 
havo been associated with periods of 
rainfall runoff. 

During normal dry weather flow, 
both the dissolved and suspended load 
content of the water a re well lie low 
the 0.05 parts per million limit set 
(or drinking water by the U. S. 
Public Health Service and the 0.1 
part per million effluent standard 
set by the Missouri Clean Water 
Commission for this type of waste dis
charge. Bolter (3) has pointed out 
that the streams characteristic of 
this region are high in carbonate 
and consistently average between pH 
7.0 and B.O and, therefore, any 
dissolved heavy metals which may find 
their way into the streams are pro
bably rapidly precipitated as insoluble 
carbonates. Since most of the parti
cles are in the colloidal or near 
colloidal size rangs, they should be 
transported to a reservoir, ocean, or 
be deposited in some other aquatic 
body providing long-term sedimenta
tion conditions. This phenomenon has 
not been noted in most conventional 
monitoring progr ms since both state 
and federal agencies routinely used 
filtered samples as tha basis of 
their analyses for heavy metals. 

A review of the physical and 
chemical data has consistently shown 
the turbidity and suspended solids 
levels at, or near, the industrial 
outfalls, are as a general rule far 
higher than those of the receiving 
streams and tha heavy metals were 
generally associated with these 
solids. 

A major environmental problem in 
the mine-mill receiving streams has 
involved the transport of heavy 
metals under conditions where mine and 
mill effluents have stimulated exces
sive biological growths in receiving 
streams. These dense gelatinous stats 
of algae and their associated t-njatic 
populations have coated t.:me stream 
beds causing aesthetic problems, 
blocking photosynthatic energy input 

and limiting normal stream populations 
(2). The biological mats act as living 
filters which trap dilute nutrients, 
sediments which are high in trace 
metals, and filter out finely ground 
particles of rock flour, tailings, 
and minerals which escape the flota
tion processos and tailings reservoirs. 
However, these growths are only tem
porary accumulations of materials 
since they become detached as they 
decompose or break loose during 
periods of high runoff and are carried 
into other ecosystems. A procedure 
Cot eliminating this growth is dis
cussed later in this paper in section 
r. 

B, Metal Transport in Runoff 
The route of lead from tails, 

concentrate piles, transport vehicles, 
and the smelter aerially to the soil 
having been established by Qolter (1), 
the question whether or not the soil 
was the ultimate sink arose. A 
limited study of the "Old Lead Belt" 
of Missouri by Hemphill (1), a lead 
mining and milling region since the 
mid-1800's, indicated that soil laad 
levels were nearly tha same as tha 
New Laad Belt. Since geochemlcal 
studies of the soil by Bolter had 
indicated that the laad was tenaciously 
held in the top soil layer, it was 
assumed that the isolated high values 
of lead in unfiltared water samples 
found during periods of high runoff 
might be a significant transport 
phenomenon. 

In order to check this hypothesis 
automated runoff water quality stations 
ware constructed on two watersheds. 
The control watershed was located 6 
miles from the smelter and was assumed 
to have no input of any kind from 
any industrial source. The other 
watershed drained a smelter area, 
whose primary heavy metal input was 
material deposited on the soil. The 
samples were analyzed for lead, zinc, 
copper and cadmium as well as 11 other 
physical and chemical parameters of 
water quality to determine any changes 
in the water's natural properties. 
The data presented here will devote 
itself to lead; more detailed inform
ation is available, however (1). 

Figure 1 shows the rainfall in
tensity, runoff, and lead values for 
filtered and unfiltered samples for a 
selected storm on the control water
shed, and Figure 2 shows similar data 
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from tha smalter wsi-erehed during tha 
•ante atom. Tha total laad contant 
in tha smelter wsterehed runoff la 3 to 
5 timaa aa large aa fro* tha control. 
Similar pattarne ara aleo avallabia 
for line. During tha paak runoff 
pariod, tha paak concentration oocuri 
implying that Urge masses of matorla1 
would ba moved during heavy etorms 
(tha storm shown ia tha approximate 
equivalent of a 1 inch atom). It ia 
extremely difficult at praaent to 
estimate the mass flow of heavy metals 
from the lead belt under runoff condi
tional a study, however, haa recently 
been initiated by the University of 
Missouri-holla working jointly with 
Oak Ridge National Laboratory to model 
a part of the amaltar watershed in 
order to produce an aatimate of thia 
maaa flow. 

Mote the differencea in the atorm 
rainfall intensity on the two water-
ahede which ara C milea apart) thla 
variance ia typical of the Osark 
region. Rain waa trapped in wide-
mouth polyethylene Jara and the pH 
meaaurad and found to average 5.S. 
During perioda of peak runoff, tha 
stream pH falla approximately O.S 
unite. Since the rainfall affacta pH 
only alightly (generally leaa than 1 
unit), it ahould not ba aurpriaing to 
find only very email increeeea in 
diaaolved metallic matter. The 
Interacting point la the abrupt major 
increaaa in the metal content of the 
auepended aollda. 

Anomalous cadmium valuea were 
alao found in the runoff from the 
amelter watershed. Thia waa surprising 
aince it ia rare to find thla element 
naturally in the watere of thia region. 
The element ie preeent in very email 
amounts in tha lead ore, however, and 
it ie apparently preeent in abnormal 
amounte in the amelter solid waatee, 
lagoon affluente, and in the leaf 
litter aurrounding the amelter. Simi
lar relationship* for sine and copper 
ir. unfiltored runoff can be shown, 
indicating chat runoff traneport may 
be a major traneport phenomenon for 
all heavy matala. 

Following tha runoff studies, tha 
queation aroae aa to where would thie 
material ultimately end up if it is 
being transported from thia system and 
whether a aink could be found follow
ing the severe rainfall and flooding 
which occurred in the spring of 1973. 

Tha only sites for such an aquatic aink 
of heavy metals were the Clearwater 
Lake sediments or in temporary ainka 
in the stream sediments of the region. 
C. Sedimentation Characterisation 

Studlea of tha atream sediments 
of the region were performed for sev
eral reasons includingi 1) to provide 
basic data for the aquatic biologists, 
2) to determine, If possible, whether 
the suspended heavy metals oame lar
gely from the waahed-in soil or if 
it came from the raauspanelon of sedl-
mented solids on the stream bottom, 
and 3) to develop date on maximum 
possible concentrations of lead which 
fiah and other life forma might be 
exposed to in the streams. A summary 
of tha raaulta of these studies is 
presented in Table 4. 

TABLE 4. Heavy metala concentration in 
the sediments of typical 
streams in the New Lead Belt 

Station Sample Metal Cone, yg/g* 
No. Site Pb Zn cu Cd Mn 

S Strother Creek 511 132 36 0 1503 
7 Black River 791 163 31 0 10IS 

110 Upper Bee Pork 31 79 17 0 1126 
13 Lower Bee Pork 213 204 21 0 1269 

Mil Tailings fl 7IS 205S 10 0 16490 
1**12 Tailings #2 543 1020 42 0 10033 
•All average values) * indicates 
stream* with no mine-mill activity; 
t* samples taken directly from tail
ings pipe from let settline pondi 
*** eamplae taken directly from tail-
Inge pipe from 2nd Bottling pond. 

Several interesting factora 
emerged confirming the sediment trane
port phenomenon. First, only "ery i.»j 
levels of laad and other metals ara 
found in the sediments. Second, what 
little lead was found was generally in 
the 325 mesh or finer ranges thie is 
to be expected because although tha 
ore ia ground to 90 percent finer 
than 200 mash, the heavy metal* min-
erale are aa a whole more friable and 
grind even finer. Third, while the 
soils of the region contain appreciable 
quantities of clay (9-12 percent), 
there is virtually no clay in the 
atream aediments (based either on aize 
or geochemical character). The heavy 
metals in tha auspended solids during 
runoff must be washing directly from 
the soil into the stream and out of 
tne ecosystem. There is, therefore, 
a major sediment transport phenomenon 
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occurring. Thla phenomenon It etartlng 
to ba recorded In lltaratura iron othar 
oountrlaa (5). 
0. Reeervoir aedlaant •tudlee 

In tha Maw Lead Bait, Most Mill 
waatewater* and mine, watere ultimately 
flow Into two aajor receiving atraaav. 
Logan Crack and tha Mack Rivar. 
Logan Craak reoelve* waata* and Mine 
water from only ona I I M , while tha 
•lack Rlvar raoaivaa a Majority of 
tha waatea and Mlno water from five 
Mining oparatione. Tha valoolty 
pattama of thaaa receiving etreea* 
ara of eueh oharaotar that tina nar-
tlelaa do not obtain tha quiescent 
eondltlona raqulrad for aadlMantatlon 
and tharafora thaaa partlelaa ara 
earrlod along in tha flow until 
thaaa oondltiona ara aatiafiad. 

In tha oaaa of both th* BUok 
Rivar and Logan Craak, thaaa qulea-
oant oondltiona ara found in Clear-
watar Lako loeatod at Piedmont, 
Miaaouri. Tha laka ia approxlaataly 
30 Mitoa froM tha laet of tha S mine-
•111 dlaohargaa on tha Mack River 
and approximately 25 Milaa froM tha 
aingla Mlna dlaoharge on Logan Craak. 
In addition to tha two a n a of Clear
water Laka which raoalvo waata watar 
flow, tharo la a third arm, receiving 
flow froM Webb croak, which ia not 
axpoaad to any typo of Mining waata 
produeta. A benthlc eedlment aaapllng 
prograM waa tharafora inltiatad and 
a auamiry of tha raaulta for load la 
ahown in Figure 3. Thaaa proliMlnary 
raaulta would aaaM to Indloata that 
inoraaaad haavy Matala oonoantrationa 
ean ba expected in tha aadlManta whara 
thay ara axpoaad to Mining waata dia-
ehargaa. 

It could logically ba arguad 
that one would axpaot higher lavala of 
load, line, and ooppar froM tha Mining 
ration dua to aurtaoa mineralisations 
however, no ai;ch natural aurfaoa anom-
alloa hava avar boon found by any 
raaaarehar.' Tha data troa tha Wabb 
Craak a m of tha reeervoir ia vary 
oonalatant and ranges froM 15-22 ppa 
for load and tine. ' Thia ia tha normal 
background lavol axpaetad for tha Haw 
Load Bait control streams and confirm* 
tha ballaf that no unuaual aurfaea 
mineralisation ia occurring. Logan 
Craak ia only alightly highor ranging 
from 20*30 ppm load and line with only 
1 Mina in iti baain. Tho data from 
tha Uaek Rivor Arm (with 5 Minaa) la 

far mora arratio than tha othar two 
arma with tha data for load and tine 
varying from It to 50 ppm. Howavar, 
•oit of tha aadlmanta of thla arm 
contain 3S to SO ppm load and cine, 
and thla arm ia moat subject to 
waahout alnea it draina by far tha 
largaat araa. Moat of tha aadlManta 
from thla arm would ba expected to 
traval to tha dam faea and mix with 
tha othar ladimanti and tha data indi-
oataa that thla doaa occur. All tha 
arm* of tha laka ahould hava uniform 
amount* of matal in tha aadlmant*. 
Thl* obvloualy la not tha eaaa. A* of 
yat, not enough data atilata to atata 
that tha matala ara daflnltaly from 
tha Hinaa but tha Indication ia that 
thay ara. several araaa ramain to ba 
evaluated) flrat, if tha awtal-ladan 
aadlmant* ara building up, how faat la 
it occurring and would it avar build 
up to dangaroua lavala and secondly, 
how much la oarrlad out of tha reeer-
voir during turbulant parloda and into 
tho Mississippi Rlvar ayatam. Anothar 
quaatlon which ahould ba atudiad rela-
tlva to thaaa aadlmant* ia undar what 
condition* ean these haavy matal* 
ba ralaaaad to tha anvlronaant? 
Upatraam spills of aoid will obvloualy 
dlaaolva thla mwtarlal allowing It to 
ba transported from tha ayatam. Undar 
la** alkaline watar oondltiona, runoff 
ean affaet atraam pM mora than In tha 
Maw Load malt. It ia a U o poaaibla 
that tha haavy matala oan ba ralaaaad 
by anaaroblc organlama in tha bottom 
•adimant*. Ralaa** of praelpltatod 
haavy matal* haa not baan obaarvad in 
waata watar traataant plant anaarobic 
dlgaator atudiaa, but thaaa traataant 
devices anoouraga mathana fonaara, not 
acid production, and hava a highly 
alkailna anvlronmant a* eomparad to 
normal atraam and laka aadimanta. 
tinea humic and fulvie acid* ara known 
to moblliia haavy matal*, it la logical 
to aaauma that volstlvo aoida will 
toor thla than lMpliaa that excessive 
organic loada to haavy metala besring 
•adimantj could poaa an anvlronmautal 
haiard. Tha lltaratura on tha affacta 
of heavy aatala on varioua typaa of 
anaarobic organiaaa 1* extremely limit-
ad ao thla haiard cannot ba evaluated 
currently. 
I. foil Leaching Studlea 

•van though the literature la 
clear that moat heavy metal* move 
very alowly vertically, experiment* 
were Initiated in the fall of 1973 to 
determine the potential exiating for 
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ground water pollution In tha Naw Laad 
Bait, tinea thara were vary few walla 
In highly oontamlnatad araaa and alnoa 
•oat of thaaa made extenelva uaa of 
galvanliad piping, laboratory ooluan 
•tudlaa of soils wara Inltlatad . Tha 
soils aalaotod wara from tha two water-
•had* pravloualy described. 

Tha samples wara drlad( weighed, cation exchange capacities (CM) 
Maasurad and than thay wara paokad In 
glaaa columns. Trlpla distilled 
watar with anough earbon dioxide In It 
to produeo a pH of 5.5 (almliar to 
rain watar) waa than uaad to laaeh tha 
•olla of any raadlly avallabia haavy 
metala. Following this, aaeh column 
waa loadad with althar laad oc line 
aoatata until tha affluant squalled 
tha lnfluant (thla waa daflnad aa 
braak-through). At braak-through, tha 
columns wara allowad to raat C-l waaka 
and tha proeaaa rapaatad to determine 
If tlaa waa a factor In haavy metal 
ratantlon. Tha control ?olla origin
ally contalnad an avaraga of 17.7 ug/g 
of Fb and 21.0 wg/g of In, with a C K 
of approKlMatoly 15 aaq/lOOgi tha 
ameltar watarahad aolla contalnad an 
avarago of 1100 wg/g Pb, 127 |ig/g *n, 
and had a CBC of approxlMtaly 14.5 
mjq/lOOg. 

Tha raaulta ahowad whan tha 
natural aoll aanplaa wara laachad, no 
datactabla aaounta of laad and tine 
wara ralaaaad. rurthar, it waa found 
that tha erne, Iter aoil could hold 
batwaan <0% and 70% baforo movement 
oceurrad. Tha ratting parlod did in-
eraaaa tha amount of laad which tha 
aoll could hold indicating that ovor 
a long pariod, tha aoil holding cap
acity would approach (but not equal) 
tne etc. ExperiMnta ahowad lead waa 
held twice aa firmly ae sines thia waa 
true, regardleaa of whether line waa 
uaad to replace lead or vice veraa. 

Ualng Clark National Foraat 
Hydrologiat estimates of the amount of 
laachatee and assuming tha aoil waa 
aaturated with lead (baaed on 100 
percent of CBC), it would take 100 
yeara for the lead to move 1 foot. 
Obvioualy, no danger currently exists 
or la likely to ever exiet to the 
ground water of the region from aoil 
pollution. 
F. Meander Syatea for Mine-Mill 

Effluent Treatment 
The meander ayatam in Strother 

Creek la entirely artificial and waa 
conceived by University of Nlssourl-
Molla Environmental Engineera In co
operation with tha AMAX Laad Company 
Engineering itaff who deaignad and 
built it. During tha 1*71-71 atudy 
period, consideration waa given to 
whether or not an inexpensive, effec
tive treatment process could be devel
oped which would contain and control 
the exoeaalva algal growth and the 
aaaoeiatad haavy metala whloh they 
trapped. Tha problem with designing 
auch a process waa that tha eauae of 
thla axeeealve growth had never been 
proven and it waa, therefore, decided 
that a earlea of broad, aha How, rapid
ly flowing maandara ahould be built 
which would stimulate or encourage 
the growth of the algae on company 
property and simultaneously trap any 
suspended heavy metala. In order to 
prevent the algae and heavy matala 
from escaping tha ayatam, a eedlment-
atlon pond waa placed at the end of 
the meanders with a well baffled out
let. (See Figure 4 for a plan view of 
the system.) 

The project has been auocaaaful 
at eliminating problem algal growth 
downstream, to the extent that the 
atraam la no longer one of the major 
algal atudy sites. Furthermore, what 
algae currently exlat have a signifi
cantly lower lead oontent (Figure 5). 
Extenelvs analyase of the watar and 
aedlmente of these meanders have ahown 
that the total metal content and, 
therefore, the heavy metals ratio aa 
defined by the State of Missouri (() 
has declined. 

Figure * la a plot of the heavy 
matala ratio at varloua polnta in tha 
lagoon-meander treatment ayatam (raw 
data on thla ayatem is still being 
evaluated). In thla oaae, the ratio 
has been calculated on unfiltered, 
aa well aa filtered aamplea to demon
strate the system's effectiveness at 
removing suspended particulate heavy 
matala. Below the meander and lagoon 
ayatem, Strother Creek rarely exceeds 
the allowable concentrations for any 
heavy matal except during severe storms 
when the algae in the meanders break 
looae and the final aediaentatlon 
chamber ia leaa efficient due to 
temporary turbulence generated. Studlaa 
are still underway! 1) to determine 
under what conditions the ayatam faila 
and 2) to try and develop deaign crit-
. L I . which will allow deaign optimi-
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tation and tranafor of thia system to 
•inaa in othar araaa. 

A raoant report by Ryek and 
Hhltaly (7) of tha atudiaa of chengea 
in banthic population! in tha Naw Lead 
Bait hat ahown that aa a raault of 
thia meander ayatan, tha stream's 
oharaotar hai raturnad to ita pre-
mining quality. 

lummaty and Conoluaiona 
Baaed on thaaa atudiaa, tha 

following oonoluaiona ean ba madai 
1. Dlaeolved heavy me tale aa a 

raault of favorable pH, alkalinity and 
hardnaaa oonditlona do not appaar to 
preeent a significant haaard to tha 
ecoayttame of tha Naw Laad Bait 
atraama. 

2. Buapandad aolida tranaport cf 
haavy metale la a major tranaport 
phenomena for haavy mat*la. Tha long 
tar* implications and tha affaot thaaa 
aolida produca on downstream reaer-
voira and othar acoayataaia la currantly 
unknown. 

3. It doaa not appaar likaly 
that aoil, avan whara haavily contam
inated with laad or cine, would pro
duce luachataa dangeroue to ground 
water in thia area. 

4. The efficiency of the meander 
eyatem in treating mine-mill tailinga 
pond effluenta hai been clearly 
ahown. Tha incidence of algal blooma 
and the heavy metal content of down-
atream vegetation haa decreaaed 
aignificantly and the banthic pro
ductivity haa returned to levela 
found prior to mine production. 
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FIG. 5, Lead in algae as a function of distance from a 
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FIG. 6. Heavy metals ratio in a lagoon-meander treatment 
process. 



113 

FIRST-ORDER SIMULATION RUN FOR LEAi 
TRANSPORT THROUGH CROOKED CREEK 

WATERSHED - NEW LEAD BELT 
MISSOURI* 

John K. Munro, Jr. 
Computer Sciences Division 

at Oak Ridge National Laboratory 
Union Carbide Corporation, 

Nuclear Division** 
Bobby C. Wixson 

Environmental Research Center 
University of Missouri—Rolla 

Abstract 
The Unified Transport Model (UTM) 

was used to sinulate the transport 
of Pb in one of the land segments 
(.45 sq. mi. area) of a 1.3 sq. mi. 
area at the head of the Crooked 
Creek Watershed. The head of this 
watershed is adjacent to the AMAX 
nine-smelter complex and hence 
provides a good location for 
validating a transport model. Hourly 
precipitation and other 
meteorological input data were 
obtained from stations as close as 
possible to the mine-smelter. 
Geographic type input data were 
obtained from U. S. Geological 
Survey topographic maps. The 
Atmospheric Transport Model (ATM) 
part of the UTM was used to compute 
wetfall and dryfall deposition 
values for Pb due to three known 
sources in the area: the smelter 
stack and two area sources• The ATM 
predicts values of total monthly 
deposition that are wit.iin a factor 
o f two of measure d monthXy 
deposition rates. Soil input data 
were taken from soil survey maps of 
neighboring Dent County. The 
Wisconsin Hydrologic Transport 

*Research sponsored by the Nation* 
Science Foundation—Research Applied 
to National Needs Environmental 
Aspects of Trace Contaminants 
Program under NSF Interagency 
Agreement No. Ag-389. 

(WHTM) part of the UTM uses a simple 
ion-exchange model to simulate the 
movement of lead (effective 
distribution coefficient - 1000) 
through the homogeneous land 
segments comprising the watershed. 
For the 1972 water year simulated, 
the WHTM shows a factor of 10 
build-up of lead at the soil surface 
and predicts a flushing of lead from 
the watershed after a couple of 
medium-to-heavy storm events. The 
simulation also predicts that the 
stream flowing through the segment 
runs dry approximately three weeks 
following the last storm preceding a 
long dry period. 

Introduction 
The work to be described below is 

intended to be of the nature of a 
progress report on the first serious 
attempt to apply the Unified 
Transport Model [1] (UTM) to a 
forested watershed adjacent to a 
lead mine and smelter. The UTM is 
being applied to the study of Pb 
transport in order to calibrate and 
validate the model and to aid the Pb 
industry and various government 
regulatory agencies to assess what 
impact Pb mining activities have on 
a national forest. This work is a 
result of a collaboration between 
the Ecology and Analysis of Trace 
Contaminants (EATC) project at ORNL 
and the New Lead Belt Study Project 
at the University of Missouri 
Rolla (UMR). 

**Prlme contractor for the 
Atomic Energy Commission. 

U. s. 
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The Model 
The version of the UTH being used 

for the Crooked Creek Watershed 
study la shown In Figure 1. It is 
composed of two basic progress: a 
hydrologic transport model (WHTH) 
[2] and an atmospheric tranaport 
modal (ATM) [31. The ATM uaea the 
historical precipitation data and 
rain gage location data required by 
the WHTM. The ATM employe a Gauaaian 
plume model and a wind resuspenslon 
model, together with a procedure for 
treating the geometriea of the 
emlsslun sources in relation to 
receptor points, to simulate 
atmoapheric tranaport of pollutantB. 
Three types of emission sources may 
be used: pointt line* and area. In 
the WHTH the PRECIP group of 
subprograms processes the raingage 
Inventory and historical 
precipitation data. The LAND group 
of subprograme simulates the 
response of a vertical column 
through the land segment on a 
quarter-hour basis. The 
cross-sectional area of the column 
is 1 sq. ft. The CHANL group of 
subprograms uses the output from the 
simulated response of the various 
unit land areaa as input to a 
prescribed network of reaches, 
determines the channel routing 
tines, and generates a hydrograph. 

1 
PRECIP 

A 
Men 

M 

turn 

CHANL 
ROUTMBOF 

Figure 1. Schematic Diagram of the 
Unified Transport Modal Showing How 
the Atmospheric Transport Model 
Couples to the Wisconsin Hydrologic 
Tranaport Model. 

Most of the effort In simulating 
the hydrologic response of a 
watershed must be spent on the LAND 
group of subprograms. A 
conceptualization of the hydrologic 
response of a land aagment is shown 
In Figure 2. Several items deserve 
emphssls at thla point. Incoming 
precipitation falls on the 
vegetation, which usually Is 
considered to Include grass, lesves, 
litter--eny plant material that is 
located above the actual soil. In a 
forested waterahed, the inpervious 
area runoff comes predominantly from 
the stream beds, banks and flood 
plains. Evapotransplration occurs at 
the potential rate for the 
interception and upper zone 
storagea, depleting the former 
before taking anything from the 
latter. Hence, when the 
evapotranspiratlon is low, I.e., 
during the winter and early spring, 
the streams will flow for longer 
periods following a storm than they 
do in the summer. 

A simple first-order ion exchange 
model simulates the movement of a 
trace toxicant through a land 
segment. Figure 3 shows how this 
model is used. It is employed in 

ATMOSPHERE f (EWOTMHSPIHATK*)) 

M — ( INTERCEPTION ) • | I N 

WATER TAW.E -

Figure 2. Hydrologic Flow in a Land 
Area Segment. 
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Figure 4. Topographic Hap Showing 
Approxiaate Extent of Forest Cover 
in the Crooked Creek Watershed Study 
Area. 

tandea with the hydrologic response. 
Lead in the rain (wetfall 
deposition) and in the dust which 
settles (dryfsll deposition) is 
coaputed by the ATM and supplied aa 
input to the land se&aent 
slaulation. Three coaponents of Fb 
flow to the streaa channel are 
shown. There is a fourth, not shown, 
coalng froa the groundwater. 
However, the coaponent which always 
aeeas to dcainete all the others is 
thet sssociated with overland flow 
and erosion. Once these four lead 
flow coaponents reach the stresa, 
there Is no further ion exchsnge. If 
the toxicant treated by this 
siaulatlon aodel resldss at the land 
surface, as seeas to be the case for 
Fb on the Crooked Creek Watershed, 
then the treataent of overland flow 
and erosion bccoaes very iaportant 
and poses a serious chsllenge to the 
aodel. 

The Wstershed 
Crooked Creek Watershed for the 

purposes of this study is a 1.3 
square alls sres of land lying at 
the head of Crooked Creek. Figure 4 
shows e topographic aap of the 
Crooked Creek headwaters area. The 
study arsa lies inside the 

boundaries defined by the roeds 
shown, which fore roughly an 
inverted triangle. This study arcs 
lies near the center of the 
"Viburnua Trend" or "New Ltad Belt" 
ares of southeast Hissouri. The 
roads run roughly along the rldgs 
tops. The aine and saelter shown in 
the center lie on e aajor divide 
separating the Menace and Black 
River drainage basins. The grey 
areas indicate the extent of forest 
cover. The forest in the watershed 
area is composed prlaarlly of oak. 

Figure S. Crooked Creak Watershed 
Study Area Boundaries. 
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The precise boundaries of ttte 
Crooked Creek Watershed study area 
are shown in Figure 5 encompassing 
the total area which is shaded. The 
long light grey sequent was chosen 
for 8inulation since it initially 
appeared the easiest one to 
simulate. A wet-dry stream flows the 
length of this segment. The white 
"X" on the ridge knob adjacent to 
the grid line marks the centroid of 
the segment and is used as the 
receptor point for the Pb 
depositions computed by the ATJU All 
the sources of Fb affecting this 
segment are assumed to be located at 
the smelter. 

The First-Order Simulation 

TABLE I. Input Required for the 
Atmospheric Transport Model (ATM) 

Input Required Source 

G t H H t i y 
Sampling point location) 
Efniaaion tow ce locations 

r a t e * 
Atmoepheric (lability claas table 
Maximum valuta of vaiikal dispersion 
Flume riee patanwicn 
Wind ipatd classes 
Stability wind toac dala 
washout and fallout weight* 

H t t f i t i 
Pollutant cmiaaiofl rates 
Fallout deposition velocities 
Washout coefficients 

Obtained from maps 

Fuquill 

Fbe-year averaged data fof Si-1 
Computed from precipitation di 

K.Puruehothaman.UHII 
K.PuniahothaiiiBn.UMII 
Laboratory expenmenu 
Labotaiory experiments 

A first-order simulation run, for 
the purposes of this talk, consists 
of using the best input data for the 
model which is available for the 
area under study. This input data 
includes what data can be gotten 
from preliminary measurements of 
water balance and toxicant 
distribution in the study area. A 
rough picture of the dominant 
processes involved in the toxicant 
transport is important and helps in 
estimating parameters and 
interpreting results. The following 
agencies have been very helpful in 
supplying data and other Information 
of value to the Crooked Creek study: 
U. S. Weather Bureau, V, S. Forest 
Service, the Soil Conservation 
Service, and the Missouri State 
Geological Survey. 

Table I shows the input required 
by the ATM and where it was 
obtained. The most difficult data to 
get are the stability wind rose data 
and the source characteristics. St. 
Louis Is about 90 miles MEN of the 
watershed and was the closest source 
of five-year averaged stability wind 
rose data. This data can now be used 
for simulation runs spanning a 
period of several years. 

The Pb source strengths are shown 
In Table II. The only source w;tere a 
lot of assumptions had to be made 
was the vehicular traffic source. 
These assumptions [4] included the 
number of vehicles at the smelter, 
their frequency of movement and 
average distance traveled, the 

amount of concentrate dust suspended 
by the tires, etc. Order of 
magnitude accuracy was all that was 
hoped for in these assumptions, The 
simulated deposition rates at the 
centroid of the segment are shown at 
the bottom. Notice Chat the 
simulated dryfall deposition is 2-3 
orders of magnitude greater Lhan the 
wetfall deposition. A Wong 
wetfall-dryfall sampler has been 
operating on the watershed for 
several months. Data for comparison 
should soon be available. The 
simulated deposition rates are 
calculated on the basis of 
continuous emission rates for the 

TABLE II. Lead Source Strength 
Input Data and Computed 

Deposition Rates for Wetfall and 
Dryfall for a Point Source and 

Two Area Sources 
N a i l Saateaa: 

Acid plant stack 
llaajkt.M 61 
Source strength, Care 0.587 

AMAX smelter plant 

VWucuLir Traffic Windblown, nampemiwi 

Area.M* B200 
Height. M 3 
Sourcettrength,0-'- toMh 0015 

8200 
3 

in-'-IO-* 

DspoeSSMi Ke*ee nl CenffMg • • SesasMl 
MG/M*-month 

Simulated Measured 

WetfaU 2 
DryfaU 493 

Total 495 

7 

250 
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point source. This will overestimate 
the point source contribution by 
probably 2uZ [ij, since the emission 
rates are not continuous. The 
emission rate pattern has not been 
measured. 

Table III shows the input 
required by the VHTM and where it 
was obtained. Most of the effort 
involved in applying the UTII to the 
Crooked Creek Watershed has gone 
toward getting the best possible 
values for the quantities listed 
here. Hourly precipitation data were 
obtained for Salen, Missouri, which 
lies 20 Biles west of the watershed. 
This data should work well for 
winter and spring storms which 
generally affect large areas, but 
may be unsatisfactory for intense, 
local summer storns. Potential 
evapotransplration data was gotten 
fron pan evaporation data from two 
locations, 60 and 100 miles from the 
watershed. This data had to be 
normalized to give the correct 
annual evapotranspiration. Values 
for the fractions of impervious area 
and bare soil were obtained by V. 
Tranter [u] of UMR from aerial 
photographs. Initial values of Pb on 
the vegetation, on the soil surface. 

and in the theoretical ion exchange 
plates was gotten from data obtained 
by E. bolter [b] of UMR. There is no 
data yet on the average channel 
dimensions or the observed flows. 
Channel dimensions were estimated on 
the basis of a visual inspection of 
the watershed. When no data were 
available for choosing a parameter 
value, a value was estimated based 
on experience from applying the 
model to the Walker Branch Watershed 
near ORNL. A value for the ion 
exchange distribution coefficient of 
lOOO was used for ihe simulation 
run. 

The annual 
year 1972 is s 
that the sum o 
ne t hi exceed 
about 10 inc 
choosing too 
for the lower 
initial value 
not been det 
closer to 10 
.Inches used 
described here 
importance of 
to estimate so 
when they 
determined. 

water budget for water 
hown in Table IV. Kote 
f the total runoff and 
s the precipitation by 
lies. This is due to 
high an initial value 
zone storage. The best 

for this storage has 
ermined, though it is 

inches than the 20 
for the simulation run 
. This illustrates the 
experience in helping 
me of the input values 
cannot be readily 

TABLE 111. Input Required for the 
Wisconsin Hydrologic Transport Model 

(WHTM) 
TABLE IV. Annual Water Budget For 

Water Year 1972 

Input Required 

Hourly precaution Yaluet 
WeifaN acportio* 

Mjfa*UV*e* 

ClinMologc 
Soil data 
Laadueedata 

Topographic data 
ItttkMt: 

Dryfi lniyei 
Initial nhies 
Erowoei pMMwtcn 

LMdMfmmtarcM 
OuMNd network routing 
Chpn:<d geometry and dimemkMi 

cutn< rfciini Dtp* 
Mean felly flow* 
Hourly flow 
Mean daily toxicant now 
Hourly toxicant (low 

Weather Bureau, Salem, Mo. 
ATM 

VS. Forrtt Service. Salem, Mo. 
Dent County Soil Sumy, SCS. 
Aerial photograph* (W. Ttantet, UMR) 
Experience, R. J. Luxnwore 
Topographic map* 

ATM 
Field nwawremenlKE. Bolter, UMR) 
Field meawemenu, experience 
T. Tamura. E. A. Bondietti 

Topographic map*, aerial photograph) 
Topographic maps, uaer'i head 
Field meaeuremenu (so value* ycl) 

Field meaMiremenu (no valuei yei) 

Precipitation 
Runoff 

Surface 
Impervious 
Interflow 
Base stream 
Recharge 

Total 
Lvapotranspiration 

Net 
Potential 

36.04 

til 
,79 
,40 
,74 
00 

13.74 

29.05 
31.64 

The two components of lead 
trausport to the stream by overland 
flow for water year 1*72 are shown 
in Figure 6. During the fall. 
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Figure 6. Sioulated Components of 
Lead Transport from the Land Segment 
to the Channel on a Monthly Basis 
for Water Year 1972. 

winterv and spring when the atoms 
generally have long duration and low 
lntenaity, lead tranaported in 
aolution phase exceeda that in 
particulate phase. Low intensity 
atoraa do not deliver enough power 
in a abort period of time to erode 
•uch aoil. The aituatlon la quite 
different during the auaaer months 
when brief lntanaa atoraa occur. 
Soil erosion becoaea the doalnant 
procaaa for transporting Pb from the 
land eegmente to tha atreaaa. There 
is no data with which to coaparc 
chase alaulatlon raaulta. Tha aodal 
alao predicts a 12-fold lncreaaa of 
Fb at tha aoll surface for a period 

of a year if the Initial value of Pb 
for thia layer is baaed on the 
aeaaured Pb concentration in the U-1 
soil layer. Thia la unreaeonably 
high. The treataent of soil 
cheaiatry in the aodel at the soil 
surface needs to be modified or 
replsced. 

The simulated flows froa the 
stresD are shown In Figure 7 for a 
series of successively aore intense 
spring storms. No rsin hsd occurred 
for several days, so the atrean was 
alaost dry at the beginning of the 
tine period ahown here. In between 
•Corns the flowa are leaa than 1 cfa 
and die off to zero after a dry 
period of aeveral weeks. The most 
interesting result of the siaulation 
ia the bottom curve allowing the 
concentration of total Pb in the 
atreaa. The first order run 
indicates that the mobile Pb is 
flushed out of the land segment and 
that any measurement program should 

m m itrt 
TWC V MY (Mm) 

figure 7. Simulated Hydrologlc and 
Lead Flowa from tha Land Segment 
Studied for a Sarlaa of Spring 
S t e m In Water Year 19 72. 



include sampling a atom immediately 
following a dry period and perhaps a 
series of suppressive storms for store 
inforaatlon on how rapidly flushing 
occurs. This flushing is a 
consequence of the large difference 
between the dryfall and wetfall 
deposition rates, so is strongly 
tied into the results of the ATI; 
simulation. 

It is interesting, finally, to 
note that a sampling experiment 
carried out two miles further 
downstream on Crooked Creek by J. C. 
Jennett (uj of LMR indicated very 
saall amounts of Pb licinj; 
transported. Lxcept for the nost 
intense part of the storn, the 
concentrations bordered on the 
detection limit of i.O 
microgramd/liter. Jennett recently 
confirmed that the storm he sampled 
indeed followed soon after at least 
one respectable storm which could 
very well have flushed the mobile Pb 
from the vateriued. 

This illusttates the potential 
value of simulation models in 
snowing iiow to design a more 
economical and efficient measurement 
program in ecological studies. 

What is the next step in tiie 
modeling effort on Crooked Creek 
Watershed? D. E. Fields [71 has 
developed a submodel for simulating 
sediment transport and ion exchange 
in a stream channel. This submodel 
will be needed to model some of the 
watershed streams. K. J. Luxmoore 
and 1>. huff [d] have developed an 
n-layered version of WliTV called the 
PROSPER version which treats the 
soil-plant-water relationships on a 
more physical basla. This version 
will hopefully be ready for 
application on Crooked Creek 
sometime during the coming year and 
will contain an improved nodel of 
the soil chemistry. 
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Gcochemfcal Effects of Lead Smelters 
on the Environment * 

Ernst Bolter 
The I'nivcrsltv of Ml:.aouii-ltollp 

Rolla, Missouri 

Abstract 

In 1968, two lead smelters started oper
ating In Southeast Missouri, one in the "Now 
Lead Belt" dintrict and the other near the district. 
Both smelters are located in dense oak forests. 
Within (he vicinities of the smelters, analyses of 
the leaf litter and soil samples for lead, zinc, 
copper, and cadmium Indicate that pollution by 
lead occurs to a distance of up to 20 to 25 miles 
from one of the smelters and up to three to ten 
miles from the other. The concentrations of 
zinc, copper, and cadmium in the leaf litter arc-
higher than the background concentrations for 
distances of up to IS miles. The heavy metals 
arc retained predominantly in the decaying leaf 
litter. Usually less than ten percent of the pol
luting heavy metals reach the underlying soil 
where they arc retained In the top one inch of the 
soil layer. Field evidence and laboratory exper
iments indicate that the organic acids from decay
ing oak leaves dissolve the polluting heavy metal 
minerals to a significant extent. The dissolved 
metals, probably in a complcxed form, appear to 
be removed from the leaf litter during periods of 
soaking rain. 

Ongoing research concerning the influence 
of humic acids on the solubility and transport of 
heavy metals should add to the knowledge of 
metal mobility in nature. 

-Work supported by grants from the National 
Science Foundation RANN (Research Applied to 
National Xeeds) Lead Study Program and by 
grants from the AM AX Lead Company of 
Missouri and ASARCO (American Smelting and 
Refining Compnm-). 

Introduction 

The development of the "New Lend Kelt" 
of Southeast Missouri, which started around 1!M>!>, 
changed within a few years n sparsely populated, 
nonlnduslrialized area into the mom productive 
lead mining district in the world. Indmlrial 
activity on such a scale obviously carries with it 
the danger of large scale pollution. This paper, 
in which the Influence of lend smelting on the 
heavy metal content of soils is discussed, pre
sents part of the results of an ongoing interdisci
plinary research study. Other findings ol the 
study are published elsewhere i l l . 

The "New I«ad Belt", an area of approx-
imatelv 5 x 25 miles, is located about i© miles 
southwest of St. Louis in Iron and llt-vnolds 
Counties. The district, which contains seven 
active mines and mills and one smelter (Smeller 
A), Is situated almost entirely within the bound
aries of Clark National Fores!. A second lend 
smelter (Smelter B> is located outside the mining 
district about 2* miles southeast of Smelter A. 
Except for scattered pastures, the area is heavily 
forested with oak trees. Both lead smelters 
started production in 19(38. 

Sampling and Analysis 

Preliminary results indicated that the 
heavy metal fallout from the smelters is retained 
predominantly ir (he leaf litter (oak leaves! on the 
ground. Also, leaf Utter samples of different 
age (partly decomposed and strongly decomposed) 
contain different heavy metal concentrations. 
Only a small fraction of the deposited heavy 
mcbals is found in the underlying soil. 

The collected samples of leaves and leaf 
litter represent: (a) leaves from oak trees, (b) 
new leaf litter - "OL" horizon (collected in the 
fall only), (c) partly decomposed litter "Of" 
horizon (collected several weeks to o;.e year after 
being on the ground) and (d) well decomposed 
litter • "Oh" horizon. I'nderlying soil samples 
were collected from different depths. 
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Both the leaf litter and soil samples were 
drip.' at :00 C. Thr soil samples were sieved 
through an *0-mo«ii sieve, and the less than 80-
me»h fracti^r. i a s analyzed. The leaf litter 
samples were prepared for analysis by wet-ashing 
in a mixture of 5:1 nitric to perchloric acid. The 
soil samples were digested with nitric acid. The 
samples were then analyzed by atomic adsorption 
spectrophotometry at the Environmental Trace 
Substancc-.'< Research Center of the University of 
Missouri (Columbia, MMsouri) and at the Geo-
chvr.iical Laboratory of the Department of 
ecology and Geophysics, 1'nlvcrsity of Mlssouri-
Rolla, Rolla, Mis lurl. 

Distribution Patterns of Heavy Metals 

Near Smelters 

Soil samples from 125 stations covering 
most of the "New Lead Belt" do not indicate the 
presence of naturally abnormal, heavy metal con
centrations in the soils. The high concentrations 
can always be related to potential pollution 
sources. The background concentrations for leaf 
litter reported in Table 1 are estimates deter
mined from samples collected at a distance of 25 
to 30 miles from the smelters. 

Several examples of the heavy metal dis
tribution in the soil profiles from the vicinity of 
smelter A arc shown in Tables 2 and 3. The data 
indicate the ability of leaf litter and moss cover 
to prevent the heavy metal fallout from reaching 
the underlying soil. The heavy metals which 
reach the soil remain concentrated In the top one 
inch layer of soil. Based on these data, the 
extent and Intensity of heavy metal distribution 
patterns around the smelters were investigated 
mainly in the leaf litter horizons. 

Smelter A. - Samples collected along six 
sampling lines radiating from Smelter A Indicate 
that the lead concentrations in leaf Utter and tree 
leaves reach background at a distance of 20 to 25 
miles, as exemplified by the samples collected 
in the direction to the north northwest of the 
smelter (Fig. 1). High values for zinc are gener
ally limited to a distance of about five miles. At 
a greater distance, the zinc values, while fre
quently somewhat higher than the estimated back
ground, are erratic (Fig. 2). Copper and cad-
miuir concentrations approach background at 10 
to 15 miles distance respectively (Fig. 3). The 
area showing increased heavy metal concentra
tions is only slightly elongated in the northern and 
southern directions from the smelter with the 

direction of elongation coinciding with the pre
dominant wind directions. 

Smelter B. - The distribution pattern of 
heavy metals in the vicinity of Smelter B is dif
ferent. To the north and south of the smelter 
(main wind directions) lead (Fig. 4), cadmium 
(Fig. 5), and copper reach background concentra
tions at a distance of eight to ten miles. Zinc 
concentrations are erratic but relatively low 
(Fig. 6). To the west anc! the east of the smelter, 
background values are reached at three to five 
miles distance. The elongated shape of the 
affected area is probably due to the location of the 
smelter in a north south running valley with the 
hills to the west and east reaching heights of 200-
300 feet above the valley floor. 

The Geochemical Mobility of the Heavy 

Metals in Soils 

Deposition of the heavy metals in the soils 
appears to occur essentially in the form of par
ticulate heavy metal compounds. The sources of 
the heavy metals are still under investigation. 
The presence of slag material that is found up to 
a distance of 0.5 mile from Smelter A in the soils 
and leaf litter indicates that fugitive sources, such 
as storage of ore concentrate and slag material, 
may be important contributors to the heavy metal 
content of the soils in the immediate vicinity of 
the smelters. However, a study of stack emission 
at Smelter A (1) and the great distances at which 
increased heavy metal concentrations are found 
suggest that stack emission is a major and prob
ably the most important source. Baghouse dust 
can be considered to be chemically and mineral-
ogically similar to the material emitted by the 
smelter stacks, although some size fractionation 
might occur. Chemical analyses of samples col
lected from the stack of Smelter A support this 
conclusion (1). Some typical data on baghouse 
dust are reported in Table 4. 

An incomplete investigation of the mineral
ogy of baghouse dust by X-ray and reflective 
microscopy indicates the presence of PbS (25-50 
percent), PbSO., elementary Pb, and probably 
PbO-PbSO. in the baghouse dust of Smelter A. 
Only PbSO. and PbO-PbSO were found in the dust 
of Smelter B. Minor amounts of other compounds 
have not yet been identified. 

Field data and laboratory experiments 
indicate that a significant fraction of the heavy 
metal compounds, which are deposited in the leaf 
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litter near the smelters. Is being dissolved and 
removed. For Instance, a comparison of differ
ent litter horizons near Smelter A (e.g. Figs. 1 
and 2) shows that the well decomposed leaf litter 
horizon. Oh, generally has higher heavy metal 
concentrations than the recent Of horizon. This 
should be expected, because the Oh layer should 
contain the heavy metal content deposited over 
several years. Also, the progressive decay of 
the leaf litter should reduce the weight of the 
matrix, which In Mm should Increase the con
centration of heavy metals If there were no 
removal of these metals. It was expected, there
fore, that the younger, Of leaf litter collected in 
June would have lower metal values, because the 
period of metal deposition on the trees and on the 
ground Is much shorter. However, the dsta indi
cate that the difference In the heavy metal con
centrations of the Oh and Of horizons is much too 
small if the relative length of time for deposition 
is considered. A fraction of the metal content in 
the older Oh horizon has to be removed to keep 
its concentration so near that of the Of horizon. 
Judging from the relatively low heavy metal con
centrations in the underlying soil, which contains 
frequently less than 10 percent of the total lead 
In a unit area (e. g. one square meter), the mode 
of removal does not consist simply in having the 
lead particles washed downward into the soil. 

The suggested removal of heavy metals 
from leaf litter becomes even more evident in 
the vicinity of Smelter B. The younger Of hori
zon partlcally always has much higher heavy 
metal concentrations than the underlying Oh hori
zon (Fig. 4 to 6). This can only be explained by 
the large scale mobilization of heavy metals 
from the older Oh horizon. 

Because the heavy metals are removed 
mainly from the leaf litter, it appears reasonable 
to assume that organic acids, which are formed 
during the decay of the leaf litter, play an impor
tant role in dissolving the polluting particles. 
The organic acids also probably through the for
mation of organometallic complexes influence the 
subsequent mobility of the dissolved heavy metals 
in soils and water. Baker (2) reports that there 
is a sharp incvease in the solubility of ore min
erals in water containing 0.1 percent humic acid 
as compared to their solubility in water saturated 
with CO.. The possibility that heavy metals are 
transported in aqueous systems in the form of 
fulvlc or humic acid complexes has been pointed 
out by other researchers (3). 

Laboratory experiments, although in a 
beginning stage, tend to confirm this. When one 
gram of baghouse dust from Smelter A was treated 
for 24 hours with distilled water, which had been 
circulated for 24 hours through uncontaminated 
leaf litter, 0.1? percent of the lead, 0.23 percent 
of the copper, 15.0 percent of the zinc, and 12.9 
percent of the cadmium In the dust sample were 
dissolved. In a similar experiment by Dr. 
Bondietti at the Oak Ridge National Laboratory, 
delonlzed water leachates of smelter contaminated 
leaf litter from Smelter A appeared to contain 
significant amounts of organically complexed lead 
and copper. The zinc In the leachates appeared to 
be only slightly complexed, and cadmium was 
present largely in an uncomplexed form (4). 

The influence of organic acids on the sol
ubility of the heavy metal compounds, the degree 
and nature of organometallic complex formation, 
and the Influence of complexing on the mobility of 
the heavy metals in soil and water are presently 
under Investigation, Available data on runoff 
water indicate that part of the dissolved heavy 
metals are removed during periods of heavy run
off; however, most rains do not produce runoff. 
In cases of no runoff, the dissolved metals are 
transported Into the underlying soil. Their chem
ical state (ionic or complexed) should have a 
strong influence on their geochemical mobility in 
the soil. 

It may be of interest to consider in this 
context the differences in the extent of heavy metal 
distribution patterns around the two smeli-rs. 
The area of heavy metal deposition around Smelter 
A is larger than the area around Smelter B. To 
some degree, tills is probably caused by differ
ences in production, morphology of the surround
ing area, and stack height. However, It appears 
that the rate of removal of deposited heavy metals 
could also significantly affect the extent and inten
sity of the distribution patterns. If this is true, 
then the differences in the distribution patterns 
are strongly influenced by the mineralogy of the 
polluting particles. According to Baker (2\, the 
presence of humic acids doss increase the solu
bility of PbS. But the increases in the solubilities 
of such compounds as PbSO., elementary Pb, and 
probably PbO' PbSO under these conditions are 
very much higher than those of PbS, As has been 
pointed out above, the baghouse dust from Smelter 
A contains up to 50 percent PbS, whereas the bag-
house dust from Smelter B Is essentially free of 
PbS. Therefore, at Smelter B which emits only 
very soluble lead compounds, the rate of dissolu
tion and removal would equal or surpass the rate 
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of deposition at a closer distance than at Smelter 
A, which emits a more insoluble compound. The 
very high solubility of zinc compounds In baghouse 
dust would explain the short distance from the 
smelter at which it is round in high concentrations. 
It might also be arvied that cadmium, which Is 
equally soluble In baghouse dust, forms more 
pronounced distribution patterns than zinc, 
because cadmium appears to be, after dissolution, 
in an ionic, noncomplexcd form which may be 
relatively immobile. 

If these conjectures arc essentially cor
rect, then, in an organic rich environment, such 
as forests where dissolution and removal of pol
luting heavy metals Is facilitated, the area which 
shows higher than background values Is not the 
total area which receives pollutants but repre
sents only the area wtu>re the rate of deposition 
exceeds the rate of removal. Also, estimates on 
the size of an area affected by several pollutants 
should be based on the element which is deposited 
In the most Insoluble form. 

Summary 
1) Lead smelting activities were found to 

produce higher than background lead concentra
tions in leaf litter for distances up to 25 mites. 
Cadmium, copper, and zinc show less extensive 
distribution patterns. 

2) In heavily forested areas, the deposited 
heavy metals arc found mainly in leaf litter. The 
underlying soil shows relatively low heavy metal 
concentrations. 

3) Field data and laboratory experiments 
indicate that a significant fraction of the deposited 
heavy metal compounds are dissolved, probably 
by the action of cyanic acids, and removed in 
complexed form. 
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Table 1. Background Concentrations 
Pb Zn Cu 

(micrograms/gram) 

Leaf litter, Of-horizon 
Leaf Utter, Oh-horizon 
Soil (minus 80 mesh) 

Table 2. Heavy Metals in Soil Profile 
(3/10 mile east of Smelter A) 

Table 3. Heavy Metals in Soil Profile 
(2/3 mile south of Smelter A) 

Cd 

40-70 35-50 6-8 0.7-1 
B0-100 50-70 8-11 0.9-1.5 
15-20 10-20 1.5-4 <0.5 

Pb Zn 
(mlcrograms/gram) 

Cu 

Total leaf litter (1/2 inch) 7500 330 150 
0 - 0 . 2 5 inch soil 380 100 30 
0.25 - 0.5 inch soil 80 60 10 
0.5 - 1.0 inch soil <20 50 <10 
1 - 2 inches soil (minus SO mesh) <20 30 <10 

Pb Zn 
(micrograms/gram) 

Cu 

Moss cover (1/8 inch) 4700 480 140 
0 - 0.25 inch soil 150 200 20 
0.25 - 0 5 inch soil <20 60 <10 
0 . 5 - 1 . 0 Inch soil 70 50 10 
1 - 2 inches soil 70 50 <10 
2 - 3 inches soil 20 30 <10 
3 - 4 inches soil (minus 80 mesh) 20 50 <10 

SMELTER A 
Flue Dust 
Main Baghouse 
Main Baghouse 

SMELTER B 

Blast Furnace Dust 
Sinter Plant Dust 
Blast Furnace Dust 
Sinter Plant Dust 

Table 4. Analysis of Baghouse Dust 
Pb Zn Cu 

Percent 
Cd 

18.5 1.73 0.25 0.568 
42.? 4.3 0.37 1.58 
34.3 6.3 0.145 1.59 

26.8 12.6 0.315 5.95 
27.2 1.248 1.31 3.07 
35.2 10.55 0.444 4.7 
24.8 1.19 0.73 3.2 
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A STATISTICAL STUDY OF CONTENT OF MOLYBDENUM IN STREAM SEDIMENT ADJACENT TO A MOLYBDENUM MILL 

E. Michael Thurman 
University of Colorado 
Boulder, Colorado 80302 

ABSTRACT 

This work was concerned with the collec
tion and reliability of grab ssrtples of sedi
ment in the study of a trace metal. The area 
of study was 50 km west of Denver, Colorado 
near a molybdenum mining and milling operation. 
Site 1 vas on a stream draining the milling 
operation. Variation in the molybdenum con
centration of this sediment was associated with 
the milling operation. Site 2 was a control 
stream located nearby. Variation in the mo
lybdenum concentration of this sediment was not 
associated with the mining and milling opera
tion. At each site five sources of variation 
were studied: 1) variation among a coarse, 
medium, and fine size fraction of the sediment; 
2) variation among the six monthly sampling 
periods; 3) variation between winter and 
spring; 4) variation among samples; and 5) 
variation within the samples. A nested hier-
archial sampling defign and analysis of var
iance were used to examine the 300 samples. 

The geochemica? data were found to fit a 
log normal distribution. Therefore data were 
log transformed before statistical tests. 

The concentraticns of molybdenum in the 
three size fractions were different at each 
site and increased significantly with decreas
ing grain size. 

Time of sampling was not important at the 
control site. Ths monthly sampling in
tervals contributed only a small part to the 
total variation. Variation between samples 
was the most Important source of variation and 
contributed most to sampling error. At the 
Woods Creek site monthly sampling was an im
portant source of variation to the total var
iation. Variance between the two localities 
was homogeneous. This suggests that the 
milling activity does affect the total concen
tration of molybdenum In the sediment but does 
not contribute significantly to the natural 
variation. 

INTRODUCTION 

Colorado contains .numerous Mo deposits in-
including the largest reported deposit in the 
world at Climax, Colorado. Voegell and King1 

establish at least 71 areas in Colorado where 
Mo mineralization can be found. This metal 
is a micronutrient, but in excess it can be 
harmful to cattle and other ruminants. With 
these facts in mind a study of Mo concentra
tions in stream sediment was begun in the 
major rivers of Colorado. As a preface to the 
study of concentrations of Mo in Colorado, a 
statistical investigation of the reliability 
of sampling stream sediment was undertaken. 

The problem of representative sampling 
of stream sediment for Mo concentrations was 
examined with emphasis on five sources of var
iation. They include monthly variation, sea
sonal variation, between-sample variation at 
a sampling site, size-fraction variation, and 
within-sample variation. A comparison was 
made between a sampling site adjacent to a 
mining and milling operation, and a control 
site which was not influenced by the mining 
activity. One reason for choosing these two 
sites was to determine if the activities of 
Tnan 1n mining and milling are reflected in the 
concentration and variability of Mo in the 
sediments. 

The area chosen for study was near the 
Urad molybdenum mine and mill. This is 
situated SO km west of Denver, Colorado in the 
Igneous and metamorphlc rocks of the Front 
Range. The mine operates on Red Mountain, a 
12,000 foot peak on the Continental Divide. 
The ore, a Mo sulfide and Fe and Mo oxide, is 
transported several thousand feet down the 
mountain *o a mill in the valley. A flota
tion process is used to separate the Mo from 
the finely crushed ore. The tailing is re
tained in disposal ponds and the tailing li
quid is decanted to a mill process make-up 
water reservoir. The lower portion of Woods 
Creek receives the excesB water discharge from 
the reservoir; for this reason it was chosen 
as one of the two sampling sites. A control 
site was chosen two km away on similar geo
logic terrain. Parameters such as size of 
stream, type of rock, altitude, and configur
ation of drainage basin were as homogeneous 
as possible. 

*tfork supported by NSF (RANN) Grant GI-34814X. 
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SAMPLE DESIGN AND STATISTICAL MODEL 
The sampling design is a nested, hierar-

chlal type using the analysis of variance. The 
design Is similar to that advocated by Meisch2 

In a recent geochemical survey of Missouri. 
Figure 1 illustrates the nested levels. 

MONTHS OF SAMPLING 
JAN FEB MAR APR MAY JUNE 

variance are used to determine variance asso
ciated with monthly sampling, between-sample 
variance, and within-sample variance. Formu
lae for analysis of variance and components of 
variance were taken from Krumbeln and Gray-
bill 3 and 01sen and Potter4 and are shown In 
Table I. 

The statistical model is represented In 
equation (1): 

Xijk • y + °i + *ij + Yijk (1) 

COARSE MEDIUM FINE SIZE FRACTIONS 

1 2 DUPLICATES 
Figure 1. Nested hierarchial sampling design. 

xilk *° t*ie structure of a single observation 
for Mo concentration In sediment taken from 
the i t n month. j t h sample, and k t h replicate. 
This value can be shown to be the sum of sev
eral factors. The first factor is u» the 
grand mean of all samples in a size fraction;^ 
Is the contribution from the month of sam
pling. The tens $£j is the contribution asso
ciated with the sample, and Yijfc is the con
tribution from the replicate. For point esti
mation a, S, and y are assumed to be uncorre-
lated variables with mean zero and variances 
a a

2 , CTg2. and Oy2, respectively. The compo
nents of variance attribute a percentage var
iance to each of these three components. 
Equation (2) states that the total variance 
is the sum of independent variances of the 
components. 

+ a« + 0* (2) 

TABLE I. Equations for analysis of variance. 

Source 
Degrees of 
freedom Sum of squares 

Mean 
square 

Expected mean 
square 

Total 

Between A 

Between B 
within A 

Between C 
within B 
within A 

IJK - 1 

I - 1 

I(J - 1) 

IJ(K - 1) 

Y 2 

rry v 2 - * ••• 
IJk * « k I J K 

Z Y? 
l i " YK.. 

JK IJK 
ZI Y 2 z v 2 

1J *>• 1 i " 
K JK 

ZZ Y * 
ZZEY* ±,1 « • 
ljk "* K 

^ A 

^ B 

a 2 + Ka. 2 + KJa 2 

c o a 

a 2 + Ka 2 

a 2 

c 

Four samples are taken each month with a 
random method fro* each site. These are split 
Into coarse, medium, and fine size-fractions 
and analyzed for Mo In duplicate. Sampling 
began in January and continued through Ju~m 
1974. Any seasonal changes associated with 
the spring run-off would be monitored with 
this time of sampling. The components of 

The analysis of variance 1B used to compute 
these statistics. F-tests are used at each 
level of the nested sampling design to evalu
ate any differences. 

Two important assumptions must be met to 
use the analysis of variance on a set of data. 
First, the distribution must be normal. 
Second, variation should be homogeneous. The 
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data of this study were found to be lognormal 
in distribution. Figure 2 points out that a 
log-transform of data served to normalize the 
frequency curve. Thus all values w?re log-
transformed before using the analysis of var
iance. The second assumption of homogeneity of 
the variance means that variances for the pop
ulations which are compared should be similar. 
The log-transform was needed for this require
ment also. The term "robust" is used to des
cribe the iuJ*ine of the analysis of variance 
with respect to these two assumptions. This 
indicates that he statistic will still be 
valid or useful in spite of deviation from nor
mality or homogtAeity of the variance.3 

u 
z 
o 
u 
or 

CONCENTRATION 
BEFORE TRANSFORMATION 

CONCENTRATION 
AFTER TRANSFORMATION 

Figure 2. Effect of log transformation on 
geochemical data. 

SAMPLE PREPARATION AND PRECISION 

The sediments were air-dried, sieved, and 
the coarse and medium fractions were cleaned 
ultrasonically foi five minutes. The ultra
sonic cleaning was needed to remove s i l t and 
clay-size particles which adhered to larger 
grains and to the sieve. The sediments were 
then wet-sieved. A comparison of wet versus 
dry-sieving was done at the beginning of the 
study. Table II shows the mean concentrations 
of wet versus dry-sieving for both the control 
and Woods Creek s i t e s . Using a F-t<i*t, s igni 
ficant differences were shown at p-0.15 level . 
Even without s ta t i s t i ca l tests obvious 

differences between wet and dry-sieving are 
seen. These differences in concentration of 
Mo are ascribed to finer fractions of sediment 
not being removed by dry-sieving. The finer 
fractions contain greater Ho concentrations. 

TABLE II . Mo content of the wet versus 
dry-sieving in coarse s ize fraction. 

(Mean of 10 analyses) 

Wet Dry 

Woods Creek 
Control Creek 

100 ppm 
2 ppm 

250 ppm 
5 ppm 

After sieving, samples are oven-dried at 
105°C to remove water and then weighed and 
fused with potassium pyrosulfate. The fusion 
mixture is dissolved with HC1. Mo is complex-
ed with potassium thiocyanate, extracted into 
isoarayl alcohol, and determined colorimetrieal
ly at 465 nm on a Beckman DU-2 spectrophoto
meter. 

The sensitivity of the determination of 
Mo in sediments was 0.5 ppm. Precision was 
±10% above 10 ppm and ±2 ppm below that. Ac
curacy was ±10%, based on U.S.G.S. standards 
and Mo standards furnished by American Metal 
Climax, Inc. Blind standards were analyzed 
each month with the samples to monitor any 
significant monthly variation due to analyti
cal error. 

RESULTS 

Significant differences were found for a 
all size fractions between the control site 
and the Woods Creek site. Table III shows the 
range of concentrations of Mo in the sediment. 
Normal background concentrations for Mo in 
river sediment in Colorado are approximately 
2 ppro in -60 mesh size-fraction (medium size-
fraction) . The Woods Creek samples are two to 
three orders of magnitude above background. 
However, it Is difficult to show that the min
ing and milling operation is responsible for 
these values. This is due to glaciatlon of 
the area and the exposure at the surface of 
the ore body. Another investigator, Dawn 
Brown of the Molybdenum Project (University of 
Colorado), is examining differences between 
tailings and glaciated sediment with electron 
microprobe in an attempt to determine the pro
portion of the total Mo which is natural and 
the proportion which has been introduced by 
man. 

Differences were found for the three size 
fractions at each site. It can be seen from 
Table III that concentrations of Mo in the 
sediment increase with decreasing grain mixe. 
The size-fractions were split into smaller 
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TABLE III. Mo concentrations in sediment. 
Woods Creek versus Control Creek. 

(Each fraction is the mean of 75 analyses) 

Size fraction Woods Creek Control Creek 

Coarse 
Medium 
Fine 

100 ppm 
500 ppm 

1200 ppm 

2 ppm 
15 ppm 
45 ppm 

intervals to investigate further the variation 
of concentration with size. Tables IVA and IVB 
show the Mo concentrations in the sediment from 
the 2.0 mm to 0.002 mm (coarse sand to clay-
size particles). Mo concentrations Increase 
with decreasing grain size at both Woods Creek 
and the control site. One plausible explana
tion for the increasing Mo concentration with 
decreasing grain size is the adsorption of Mo 
onto the smaller particles with increased sur
face area, but I have not verified this. 

control site, replications are the aajor source 
of variation (89Z of total variance). This is 
important in terms of the proposed program for 
determining background concentrations in Colo
rado. The time or season of sampling will not 
contribute significantly to the total variance, 
and multiple samples at a site will better il
lustrate the variance in concentrations of Mo 
in the stream sediment. The medium size-
fraction at the control site has 422 of total 
variance between-sampleB and 582 within-
samples. 

The fine size-fraction at the control site 
did show a significant F-value, 3.16 (Table 
VA). As shown In Table VB, a seasonal test 
(i.e., combining January through March and 
testing against April through June) also showed 
significance. 

Figures 3a and 3B show the monthly plots 
of the interval estimate of the mean for each 
month. There may be a slight Increase in Mo 
concentrations In and during the spring 

TABLE IVA. Mo concentrations of control 
site by size fractions. 

TABLE IVB. Mo concentrations of Woods 
Creek by size fractions. 

Size Concen Height % of Size Concen Weight J of 
Interval tration total sediment interval tration total sediment 

Sand: Sand; 
2.0 - 1.0 mm 2. ppm 58 2.0 - 1.0 mm 120. ppm 71.3 
1.0 - 0.5 mm 2. ppm 29 1.0 - 0.5 mm 110. ppm 24. 
0.5 - 0.25 mm 3. PPm 8 0.5 - 0.25 mm 100. ppm 3.6 
0.25 - 0.125 mm 5. ppm 1.4 0.25 - 0.12S mm 300. PPm 0.55 
0.125 - 0.063 mm 15. ppn 0.8 0.125 - 0.063 mm 700. PPm 0.05 

Silt: Silt: 
0.063 - 0.032 mm 40. PPm 0.8 0.063 - 0.032 am 850. PPm 
0.032 - 0.016 mm 35. PPm 0.032 - 0.016 mm 1750. PPm 
0.016 - 0.008 mm 35. PPm 2 0.016 - 0.008 mm 1800. ppm 3.5 0.008 - 0.004 mm 40. Pl» 2 0.008 - 0.004 mm 1850. ppm 3.5 
0.004 - 0.002 mm 50. ppm 0.004 - 0.002 am 1850. PPm 

Clay: Clay: 
<0.002 mm 145. ppm <0.002 mm 1100. PPm 

The time of sampling was .cound to be of 
varying Importance. At the con.rol site, a 
F-test among month: was not significant for 
the coarse and medium size-fractions. Table 
VA shows sum of squares, mean square, and F-
valuss for the monthly tests; seasonal tests 
are shown In Table VI. The null hypothesis 
was accepted that there was no difference 
among months for the coarse and medium size-
fraction of the control site, as shown In 
Table VA. The components of variance for 
these slxe fractions show that 111 and 0Z of 
tha total variance at the control site are 
associated with monthly sampling, respective
ly, as shown in Table VIA. Table VIA also 
shows that for the coarse fraction at the 

run-off for the fine size-fraction at the con
trol site .'Figure 3a). 

At the Woods Creek site all size frac
tions ahow significant F-values at the p"0.05 
level when tested for monthly differences 
(Table VA). A seasonal test shows that the 
variation is significant only for the coarse 
and medium size fractions at Woods Creek 
(Figure 3b and Table VB). 

In Figure 3b, the content of Mo in the 
coarse fraction in Woods Creek is seen to in
crease during the spring run-off, but the 
medium fraction (Figure 3b) decreases (hiring 
the spring run-off. Interpretation here is 
difficult and several possibilities exist. 
First, the seasonal change could be an arti
fact, caused by the sample to sample variation 
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TABLE VA* Results of F-teat for variations among months in Ho concentration 
in stream sediment. (Six month period. Total samples * 4B) 

Source 
Size 

fraction 
Sua of 
squares 

Degrees of 
freedom 

Mean 
square 

F-
value 

Signifi
cance 

Woods 
Creek 

Coarse 

Medium 

Control Coarse 

Medium 

ssr - 2.0292 5 0.4058 
S SM • 1.0900 42 0.0259 
ssT • 3.1192 47 
S SR • 2.6235 5 0.5247 
S SU - 3.7413 42 0.0891 
S SI • 6.3648 47 
S SB • 0.3695 5 0.0739 
ssw • 0.9813 42 0.0234 
s s T -• 1.3508 47 

S S R - • 0.4238 5 0.0848 
SV • 2.2542 42 0.0537 
s s T -• 2.6780 47 
SV • 0.2769 5 0.0554 
SV • 3.1162 42 0.0742 
s s T . • 3.3931 47 
s v • 0.8335 5 0.1667 
s s w " 1.8213 42 0.0434 
s s T - 2.6548 47 

is,. Sum of tha squares between 
ss„. Sum of the squares within 
s s T - Sum of the squares total 
N.S. • Not significant 

F .05; 5, 42 » 2.44 

15.6 

5.90 

3.16 

0.7 

3.84 

.05 

.05 

.05 

at the sampling site. The evidence for this 
possibility la suggested by the fine fraction 
which should be the most likely to show monthly 
chant* sad In fact does not appear to change 
(Figure 3b and seasonal test fine fraction 
Table VB). The fine fraction should be most 
easily carried by increased water flow and has 
considerably more surface area for adsorption 
or desorption of Ho. Second, the seasonal 
change could be real and could represent ad
sorption or deeorptlon onto the larger grains 
from the Increased Mo concentration in the 
water during spring flow from the callings 
pond on Woods Creek. However, the medium size-
fraction is seen to decrease during spring 
run-off (Figure 3b), which is contrary to what 

would be expected on the basis of its greater 
surface area than the coarse size-fraction. 
The program of monthly sampling will continue 
throughout the summer of 1974 to further test 
the reality of the monthly variations. 

Other investigators have found monthly 
variation in the content of heavy metals in 
stream sediment. Govett5 in northern Khodesi* 
found variation in Cu content from two to four 
fold during the rainy season. Malmqvist6 In 
Sweden has found seasonal changes at the end 
of spring for Ho in sediment, but the changes 
are slight, with most variation associated 
with the sampling site. Gawron7 found that 
time of sampling could be important in col
lection of sediment for a series of trace 
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TABLE VB. Results of F-teete for variation between seasons (winter vs spring) of the Mo content 
of stream sediment using analysis of variance for significant size fractions from monthly 

tests (Table VA). (Six month period. Total samples - 48) 

Site 
fraction 

Sum of 
squares 

Degrees of 
freedom 

Mean 
square 

F-
value 

Signifi
cance 

Woods 
Creek 

Coarse 

Medium 

Control 
Creek 

S S R - 1.68750 1 1.68750 
s s w - 1.38350 46 0.03010 
s s T - 3.07100 47 

S S B - 0.96330 1 0.96330 
s s w " 5.37330 46 0.11680 
s s T - 6.33660 47 
S S R - 0.00333 1 0.00333 
s s w ' 1.37583 46 0.02990 
s s T - 1.37916 47 

S S R - 0.42188 1 0.42188 
s s w " 2.23291 46 0.04854 
SS„ - 2.65479 47 

56. 

8.2 

0.1 

.05 

.05 

.05 

Sum of the squares within 

N.S 

F 

Not significant 

4.06 p - .05; 1, 46 

elements In Ontario, Canada. However, his sam
pling period was only from October to Decem
ber. Barr and Hevkes' found that time of sam
pling was not Important In British Columbia 
when sampling for trace metals. Their sampling 
period was from June to September and did In
clude the high water season. 

The. conclusion reached to date la that 
background concentrations of Mo do not seem to 
vary with season. However, anomalous values 
of Ho do change with time of sampling, at 
least in the situation affected by mining and 
milling. Anomlaous values are those above 
ebout 25 ppm In the sediment. An exception to 
this temporal variation may occur In the very 
fine size-fraction at Woods Creek. 

Water samples were aleo taken each month 
at Woods Creek and the control site. These 
data are presented In Table VII. The water 
from the control site* contain 0-5 pe/I Mo 
which is background for natural river water. 
Woods Creek contains two to three orders of 
magnitude more Mo than background and is found 
to change seasonally. During the spring run
off Mo concentrations increased 20 fold, 

contrary to what might be expected due to the 
five to ten fold increase in volume of water. 
This same phenomenon la seen below a tailings 
pond at another Mo mine wast of Urad and Is 
probably sssoclated with release of usees 
water from the tailings ponds during the in
flux of meltwater from snow. The concentra
tions of Mo In the water were analysed both 
before and after filtering through a 0.*Su 
membrane filter, and no difference was found 
In concentration. 

It is interesting to note that the sedi
ment at Woods Creek during the time that the 
high concentrations of Mo existed in the water 
apparently respor.i.j In different ways de
pending on size freerion. The coarse fraction 
went up in Mo concentration, the medium went 
down, and the fine fraction did not change. 
It seems thst interactions between water and 
sediment could be Important during these 
times, but more study Is obviously needed on 
the cepeclty of sediments for adsorption of 
Mo. 

Three different chemical extractions were 
performed on the fine fraction at Woods Creek 
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TABLES VTA AND VIB. Components of variance for control site and Woods Creek. 

Size 
fraction 

Degrees of 
freedom 

SUB of 
•quares 

Mean 
square 

Expected 
mean square 

X total 
variance 

Coarse 

Medium 

Between 
months 

TABLE VIA. Control Site 
47 2.672 
5 0.442 m 18 

Between 
meatur evicts 111! 

24 

Total 47 
Months S 
Samples 18 
Measurements 24 

Total 47 
Months 5 
Samples 18 
Measurements 24 

0.845 

1.385 

. .393 
0.296 
2.320 
0.777 

2.622 
0.808 
1.127 
0.687 

0.0084 a n
!+4a s

!+6a H
2 

0.0469 a 2+4o„ 1 

m 5 

0.0577 a 

0.0592 
0.1290 
0.0324 

0.1616 
0.0626 
0.0286 

v- in 

a z - 89X 

V - 0% 

V - 42* 
a * m • 582 

V . 31% 
V - 16% 
a ' - 53% 

TABLE VIB. Woods Creek 

Coarse 

Medium 

Fine 

Total 47 
Months 5 
Samples 18 
Measurements 24 
Total 47 
Months 5 
Samples 18 
Measurements 24 
Total 47 
Months 5 
Samples 18 
Measurement* 24 

3.216 
2.129 
0.842 
0.24S 

6.447 
2.732 
3.342 
0.373 

1.418 
0.37S 
0.700 
0.343 

0.425B 
0.0468 
0.0102 

0.5464 
0.1857 
0.0155 

0.0750 
0.0389 
0.0143 

- 77X 
• lilt 

m - 12X 

< 
- 51X 
• 36X 

a * 
m 

• 13X 

V 
a ' 

- 23X 
• 23X 
• S4X 

m • measurements; S • samples; M • months. 
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Figure 3a. ksaults of Interval estiaetea of 
the Bean at the 95* confidence 
liaita for a six Month period at 
tha control site. 

to learn soMethlng about the location and fom 
of tha Ho in the aedlMent. It vae found that 
l o w Ho wae aaaily exchangeable, aaaw waa bound 
in organic Matter, and soMe waa bound in Fs and 
Hn oxyhydroxldea. Table VIII shows the ex-
tractanta uaed and the percent of the total Ho 
extracted from the aediMcnt. 

TOO 

- I I I I II 
JAN FF.S MA* APR MAY JUN 
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Figure 3b. Results of interval estlnates of 
the aaan at the 95% confidence 
Halts for a alx Month period at 
the Voode Creek site. 

SodluM sulfate (0.1 H) extracted 3SX of 
the total Ko, presumably only representing 
the aaount of Ho that Is ion-exchangeable. 
SodiuM hypochlorite (5 percent, v/v) was used 
to dissolve the organic Matter, thus removing 
another 30X of the total Ho. Finally, a 25* 
acetic acid treatment wae used to remove No 
loosely associated with the Fe and Hn 
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TABLE VII. Monthly water nonltorlng, 
1974. (Mo content in mg/«) 

Month Woods Creek Control Creek 

January 5 < 0.005 
February 2 < 0.005 
March 35 < 0.005 
April 35 < 0.005 
May 5 < 0.005 
June 5 < 0.005 

TABLE VIII. Percent of Mo extracted by three 
reagents from Woods Creek sediment. 

Sodium Sodium Acetic 
Sample sulfate hypochlorite acid 
number 0.1 M 5Z 25% 

1 25 35 0 
2 35 35 0 
3 30 40 0 

oxyhydroxides. No Mo was recovered from this 
extraction. In retrospect, this extraction 
was probably not sufficiently severe to dis
solve all of the Fe and should be repeated. 
However, there is evidence that the sulfate 
and hypochlorite treatments could have removed 
Mo adsorbed on the ferric hydroxide; the acetic 
acid did partially dissolved the Fe hydroxides -
but no Mo was found. In summary, although 
these extractions represent only preliminary 
work, the result* do suggest that approxlt-. ely 
50X of Mo in fine fraction at Woods Creek is 
loosely bound as adsorbed ions on fine parti
cles or organic matter. 

CONCLUSIONS 

The conclusions drawn from this work are: 
1) monthly variation or seasonal variation is 
not significant at background levels of Mo con
centration in sediment, especially In compari
son to the variation associated with the sam
pling sit* or with replication; 2) Ho concen
trations increase with decreasing grain site -
this could be an adsorption process because 
surface area increases with decreasing grain 
site; 3) the most Important source of varia
tion In a background study for Ho In stream 
sediment la the within-sample variation; 4) Mo 
concentrations In strsaa ssdtmsnt are log-
normally distributed; J) wet-slaving Is neces-
sary to remove silt and clay from the coarss 
slse-fractlons; 6) water-sedlmsnt Interactions 
are complex, and It la not readily apparent 
whether adsorption or des -tion Is taking 

place between the Mo-rich sediments and the 
water of Woods Creek; 7) in spite of large dif
ferences in mean values between the control 
site and the Woods Creek site, the variation 
about the mean in log units was the same which 
suggests that the variation is about the same 
in the man-distributed site and the control 
site; and 8) about 50% of the Mo is easily 
extractable from the Woods Creek sediment. 
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MODIFICATION OF THE UNIFIED TRANSPORT 
MODEL TO ALLOW FOR SEDIMENT TRANSPORT 

AND CHEMICAL EXCHANGE* 
David E. Fields 

Conputer Sciences Division 
at Oak Uidge National Laboratory 

Union Carbide Corporation, 
Ituclear Division** 

We have developed a process 
aodel of trace contaminant 
tranaport through a stream 
channel system. Dissolved 
contaminant is controlled by the 
flow routing of the system while 
the adsorbed fraction is 
controlled by sediment transport 
dynamics governed by bed load and 
suspended load transport. The 
dynamic partitioning of the 
contaniuant between water and 
particulate is considered. Our 
sediaeut transport formulation is 
an extension of an approacli 
described by K. A. Bagnold in 
1906, and includes Manning's 
equations and modifications to 
Stoke's law allowing calculation 
of particle fall velocity in both 
the viscous and inertial particle 
settling regions. Sediaent is 
separated conceptually into three 
components, that resident in the 
strcaa bed, that in transit as 
bed load, and that in transit as 
suspended load. Each of these 
coaponents is partitioned into 
twelve sixe classes of 
logarithmically varying size 
ranges. Required input parameters 
arr exchange constant and, for 
each such class, particle 
density, diameter, void fraction, 
and angle of repose. For a 
non-homogeneous channel made up 
of sevaial reaches, each reach la 
specified according to slope, 
width, length, and roughness, as 

•gesearch sponsored by the National 
Science Foundation--Research Applied 
to National Meeds Envlronmantal 
Aspects of Trace Contaminants 
Program under NIF Interagency 
Agreeaent No. Ag-Jg9, 

••Prime contractor for the 
Atomic Energy Commission. 

S. 

characterized by Manning's "n" 
coefficient. The magnitudes of 
bed and suspended load for each 
size class and the net 
contaminant flux out of the reach 
are computed. Initial results are 
presented, and comparisons are 
made of nineteen simulated and 
measured values. 

You will hear three talks today 
dealing with the Unified Transport 
Model. John Munro has told you of our 
application of the model to the 
Crooked Creek Watershed near Kolla, 
Missouri, while Dick Raridon has 
described simulationa of the 
transport of potassium and cadmium on 
Walker Branch Watershed in Eakt 
Tennessee. 

I would like to describe to you in 
this talk aoaa recent reflneaents of 
the aodel. We have merged the Unified 
Transport Model (UTM) with CM1SED 
(Channel Sediment Tranaport Model) 
and have implemented algorithms for 
chemical exchange between the 
sediaent and the water in the channel 
system. The flow of hydrologlc and 
pollutant information in the 
UTH/CHiiSED moJ'l is as follows i The 
Atmosphere Transport Model (ATM) 
computes, given source-related 
informstiou, the wet and dry 
deposition rates to be used In the 
subsequent portion of the aodel. 
riext, the PRECIP section accepts this 
inforaation and distributes these 
input quantities for the desired 
simulation period to the LAND 
section. The LAND section distributes 
quantities from the FXECIP section 
and includes algorithms to simulate 
subsurface and surface 
tranaport-assoclated processes for 
the response of a unit area of 
lendscape. The CIIANNL section (where 
•est of the changes I will be 
describing have been iapleaented) 
routes the water, pollutant, and 
sediaeot provided by the LAND section 
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through a system of reaches. 
Mechanisms simulated here Include 
sediment transport and chemical 
exchange. 

Some of the terms we will be using 
during this discussion are reach, bed 
load, and suspended load. A "reach" 
is a nominally homogeneous segment of 
a stream-reservoir system; it has the 
same slope and bed friction 
coefficient along its entire length. 
We use the tern "suspended load" to 
describe that fraction of transported 
sediment load supported primarily b-y 
fluid-transmitted stresses, and we 
describe by bed load that fraction 
supported primarily by 
solid-transmit ted stresses. 

First I'd like to describe in 
general terms the CI1MSED model, and 
then I'll discuss what the combined 
UTii/CUNSKD model does and how it 
operates. If we assume for the moment 
that we have one single type of 
sediaent, we can say that bed load 
transport occurs when 

T/P - tan a , 
where T is the shear force, P the 
normal force on a particle, and a is 
the angle of repose for that sediment 
type. The bed load work rate then can 
be shown to be the product of i. , the 
wet mass transport rate per unit 
width for the bed load times the 
tangent of a . The suspended load work 
rate can be shown to be the product 
jf the wet mass transport rate for 
suspended load per unit width times 
the ratio of Vp , the sediment fall 
velocity (settling velocity) to the 
average stream velocity "u~ . 

Thus we have relationships between 
the mass transport rates per unit 
width and the work rates for bed load 
and suspended load transport. R. A. 
iiagnold in 19ob described a procedure 
for calculating sediment transport 
rates based upon, as starting points, 
bed load and suspended load work 
rates. He showed that one could 
relate these work rates to the 
available stream power by appropriate 
efficiency factors. The available 
stream power, u , is dissipated by 
several work-rate mechanisms, anong 
tiiese the bed load transport work 
rate and the suspended load work 
rate. The bed load work rate is 
defined as the product of the 

available stream power, LO , and e, , 
the efficiency factor for bed load 
transport. Similarly, the product of 
the availab le s tream power and the 
efficiency factor e Is the suspended 
load work rate. Titus we can relate 
the available stream power, to , which 
arises from the fall of water through 
a gravitational potential to the bed 
load and suspended load work rates, 
iiagnold showed through a combination 
of theoretical arguments and flume 
experiments tit a t one could determine 
the factors ê  and e --I'm going to go 
very rapidly here and come back if 
there are any questions. The factore^ 
can be shown to lie between .11 and 
.15, whereas e s is approximately .Ulu. 
In conclusion, if the shear stress at 
the boundary is sufficient to cause 
bed load transport to occur, the bed 
load transport rate is given by the 
formula 

ib - e. oj/tanct 
and if the suspended load criteria is 
satisfied, i.e., if the RMS vertical 
component of the velocity is 
sufficient to support the sediment 
against the gravitational force 
attempting to cause it to settle out, 
the suspended load transport rate is 
given by 

s s b s fall 

Thus far we have assumed that we 
have a single homogeneous reach and 
that we have a single type of 
sediment having a known density, 
diameter, packing fraction, and angle 
of repose. Our real world model is 
somewhat more complex. Ue have 
implemented a multireach approach 
that accepts a realistic distribution 
of sediment sizes and properties. The 
suspended load, as well as the bed 
load, has been computed from the 
distribution of sediment on the 
channel bed. Ue have defined the 
sediment by specifying its fractional 
distribution into 12 different size 
classes, spanning the range from a 
micron to a centimeter. Applying this 
characterization process in Figure 1, 
we see the fractional mass 
contribution of each of the twelve 
size classes to the total bed 
sediitent on the Rio Grande River near 
Bernalillo, >«ew Mexico. The abscissa 
shows the size class and the ordinate 
the fractional contribution of that 
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class. Plotted also along the 
abscissa is the p. .LIU SIZL in 
millimeters. 

ftlliCi* Mil im> 

Figure 1: Average fractional 
sediment mass contribution vs. 
particle size for each of twelve size 
classea on bed; flow rate - 10100 ft 
/sec. 

lower sice as a result of che 
increasing t<e.. „. ul the smaller 
sediment particles to be suspended 
and on the higher side as a result, of 
the increased available sediment 
present in the higher classes. 

CUTICLE SHE (mm 

3" 

SIZE CLASS 

Figure 3: Size distribution 
observed for resident bed sediment 
(solid lines) and computed for 
suspended sediment (dotted lines) for 
flow rate - 10100 ft /sec. 

•ttllCLt *IK ( M | 

P u | 

, ; h L i 

Figure 2: Simulated (dashed) and 
observed (so^id line) particle size 
distribution I.-1 suspended load; flow 
rate " 10100 ft /sec. 

Figure 2 
(dashed line) 
line) particle 
the suspended 
see that 
distribution 

shows the simulated 
and observed (solid 
size distribution of 
load. In Figure 3 we 
the suspended load 

is doubly peaked on the 

Staying with this same test 
site—and at this point using data 
published by R. A. Bagnold and by F. 
B. Toffaletl—we plot in Figure 4 the 
observed (solid line) and simulated 
(x and broken line) total transport 
rate in tons per day via bed load and 
suspended load. These transport rates 
are plotted against the measured mean 
flow velocity in feet pei second. The 
points denoted by X and connected by 
a dashed line resulted from the 
following process: For the simulation 
for April 25, 1952, we adjusted the 
bed friction coefficient (which is 
Manning's n, for those of you 
familiar with this parameter) so that 
the simulated mean flow velocity 
agreed with the measured mean flow 
velocity; for the other points on 
this curve we preserved this value of 
the friction coefficient* For each of 
these runs we input the size 
distribution characterizing bottom 
sediment and the measured slope of 
the water surface (necessary for the 
computation of available stream 
power). 
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t- MEASURED MCAN FLCW VELOCITY (lt>i«e) 

Figure 4: Observed and simulated 
sedinent transport rate (bed load + 
suspended load) vs• measured flow 
velocity for Rio Grande River. 
Bernalillo, Mew Mexico. 

The next series of runs were made 
by keeping the distribution of 
sediment sizes on the bottom at an 
average value and by keeping also 
constant the parameters average slope 
and bed friction coefficient. We 
obtained the simulations denoted by 
the triangles and connected by dotted 
lines* which again exhibit reasonable 
agreement with the observed values. 
Next, a single simulation, denoted by 
the square, was carried out, changing 
from the previous values only the bed 
friction coefficient. The original 
value was 0.02, the new value 0.03. 
Ue see that the bed friction 
coefficient is not a sensitive 
determinant of computed transport 
rate. A single run, denoted by +, was 
then made with the average sediment 
distribution function replaced by an 
equapartttion distribution function, 
i.e., with the same mass in each of 
the twelve size classes; we see that 
this simulation Is in poor agreement 
with the experimentally determined 
transport rate, indicating the 
importance • of measuring the 
distribution of sediment sizes on the 
bed. 

We then went back to average 
parameters and made several more 
simulations to insure that we hadn't 
accidentally picked four that seemed 
to give reasonable results. The 
results for these runs are shown in 
Figure 5, which bears out our 
original conclusion that the model 
seems to be working as hoped. 

-i 1 r-

MEASURED MEAN FLO* VELOCITY (ft/*IC) 

Figure J: Observed and simulated 
sediment transport rate (bed load + 
suspended load) vs. measure. X flow 
velocity for Rio Grande Kiver, 
Bernalillo, Uew Mexico. Average 
channel slope and sediment parameters 
have been used. 

This concludes the discussion of 
the CHWSED portion of ihe model. I 
would like to now describe the 
operation of the merged UTil/CHNSED 
model. 

Figure 6 shows the sedinent 
routing scheme used in the current 
UTM/CHUSEU model. For clarity we show 
only one reach. Input sediment is 
tracked as suspended load input and 
bed load input. Whereas the bed load 
input, for computational purposes, is 
assumed Co immediately become part of 
tiie sediment resident on the reach 
bed9 the suspended load input is 
split into two parts, that part which 
settles out a3 the suspended load 
migrates through the reach and that 
portion which remains in suspension. 
At the reach output, to that 
unset tied suspended load portion is 
added tlie suspended load contribution 
from the reach bed• The suspended 
load out is computed by bearing in 
mind the actual distribution of 
settlement sizes on the reach bed and 
that computed to be in suspension. 
The bed load output is assumed to 
have a composition identical to that 
of the sedimeri resident on the reach 
bed. 
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reach water at 
points are the 
where exchange 
input sediment 

Figure 6: Sedinent routing in 
current UTM/CHNSED model (one reach 
shown for clarity). 

In this version of the UTM/CHNSED 
model, chemical exchange is assumed 
to occur between the sediment and the 

two points. These 
input to the reach 

occurs between total 
and the input water 

and at the output of the reach where 
exchange is considered to occur 
between the total sedinent output and 
the water output. The pollutant is 
assumed* in this very simple model, 
to equilibrate between the sediment 
and water with the equilibrium 
pollutant distribution subsequent to 
exchange governed by the following 
equations. We describe the ratio of 
the concentration of pollutant in the 
solid phase to the concentration of 
pollutant in the water by the 
chemical distribution coefficient k d , 
which we here denote by KD. The 
exchange at the reach input leads to 
the distribution of pollutant shown 
in the following equations: 

PWAIN • 

PSEIN ' 

POLIN * WATMAS 
(SEDINT * KD) + WATHAS 

POLIN * -KB-* SEDINT 

Figure 7 diagrams pollutant 
routing in the UTM/CHNSED nodel. We 
see schematically on the left the 
input pollutant routing, then the 
intra-reach simulation, and on the 
right the output pollutant routing. 
The water-associated input consists 
of contributions from the LA80 
segments and inputs from higher 
reaches. The ssdlmcnt-essociated 
pollutant input consists of sediment 
input from the LAND segments plus 
sedinent input from the higher 
reaches. Following chemical exchange 
between these inputs the water-borne 
pollutant Is routed through the reach 
along with the water, and the 
sediment input is assumed to combine 
with the resident bed sediment. 
Following computstion of sediment 
output, and thus pollutant output 
assoclsted with the sediment, this 
sediment combines with the output 
water and the water-assoclsted 
pollutant. Following exchange at the 
output of the reach, the pollutant is 
tallied as water-assoclsted pollutant 
output and sediment-associated 
pollutant output. 

I W PWUtHI Mltll 

(SEDINT * KD) + WATMAS 

Figure 7: Pollutant routing 
showing current UTM/CHNSED approach 
to water-sediment pollutant exchange 
(one reach shown for clarity). 

Hare POLIN is the total available 
pollutant, WATMAS and SEDINT are the 
water mass and sediment mass 
available to exchange the pollutant, 
and PSEIN and PWAIN represent the 
quantity of pollutant associated with 
sediment and with water following the 
chemical exchange. A completely 
analogous pair of equations describes 
the concentration in the wster and in 
the sediment after exchange at the 
reach output. 

Finally, I Bhould mention required 
UTM/CHNSED input parameters. First, 
we need all UTH parameters. The 
additional CHNSED parameters required 
relate mostly to sediment data where 
we need, for each size class, the 
density, the packing fraction, and 
the angle of repose. We also need the 
distribution function of the sediment 
resident on the bed, and we need some 
measured or assigned k for the 
pollutant of interest. 
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TRANSPORT OF POTASSIUM AND C'-.DMIUM ON 
WALKER BRANCH WATERSHED* 

Kichard J. Raridon and David E. Fields 
Computer Sciences Division 

at Oak Ridge National Laboratory 
Union Carbide Corporation, 

Nuclear Division** 
Grey S. Henderson and Anders W. Andren 

Environmental Sciences Division 
Oak Ridge national Laboratory 
Oak Ridge, Tennessee 37830 

Abstract 
A modified version of the 

Wisconsin Hydrologic Transport Model 
has been used to simulate the 
movement of potassium and cadmium 
through the Walker Branch Watershed, 
a highly instrumented area of 2S0 
acres situated near Oak Ridge 
National Laboratory (ORNL). Weekly 
measurements of trace materials in 
rainfall and dustfall, together with 
hourly rainfall data, provided the 
input for the computer program. The 
calculated amounts of potassium and 
cadmium In the stream exiting the 
watershed show reasonable agreement 
with the observed values. Some 
potassium appears to be leached from 
the soil since the output on an 
annual basis, c_a. 5 kg per hectare, 
is approximately twice the input. 
In contrast, preliminary 
observations indi-ate that over 902 
of the input of cadmium is retained 
by the watershed. 

*Research sponsored by the National 
Science Foundation—Research Applied 
to National Needs Environmental 
Aspects of Trace Contaminants 
Program under KSF Interagency 
Agreement No. Ag-3ti9. 
**Prime contractor for the 
Atomic Energy Commission. 

S. 

One of the projects in the HSF 
Sponsored Ecology and Analysis of 
Trace Contaminants Program at Oak 
Ridge is the development of a 
computer model to follow the 
pathways of trace contaminants in 
the environment. Figure 1 shows a 
block diagram of the Unified 
Transport Model which was described 
by M. R. Patterson at last year's 
trace contaminants conference [1]. 
Precipitation data, together with an 
air transport model, provide both 
rainfall and contaminant deposition 
to the land surface of a watershed. 
Alternately, monthly deposition 
values can serve as input directly 
without using ATM. The hydrologic 
portion of the model, from PRECIP, 
through LAND, and into CHANL, is 
based on the Stanford Watershed 
Model {2}. It was modified by Dale 
Huff [3] to include material 
transport through an ion exchange 
mechanism. I have been concerned 
with attempting to validate the 
hydrologic and transport portion of 
the UTM using data collected on the 
Walker Branch Watershed. 

Figure 2 shows the hydrologic flow 
through a land area segment of a 
watershed. Part of the input data 
is hourly precipitation. A 
subroutine calculates the 
evapotranspiratlon given the input 
of wind speed, solar radiation, and 
daily temperature variations. There 
are 20 land surface parameters, 
including the initial values for the 
storage terms, which govern the rate 
and volume of water flow through the 
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Fig. 2. Hydrologlc Flow in a Land 
Area Segment. 

various pathways to the channel. 
Some of these parameters, such as 
surface slope and average distance 
to the stream, can be determined 
from topographic maps of a 
watershed. Other parameters can 
only be estimated or evaluated using 
experience with Crawford and 
Lineley1s recommendations [-] or 
calibrations with observed channel 
flows. 

Figure 3 shows the corresponding 
material transport through a land 
segment. Wetfall deposition refers 
to that which comes down while it is 
raining, while dryfall is dust fall. 
Once the material reachea the 
surface, there are three paths by 
which it can travel to the stream, 
other than direct deposition into 
the stream, which is generally only 
a small portion of the total. 
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If t..e rainfall is so intense that 
surface runoff occurs, the material 
may be transported overland as a 
solute or adsorbed ou soil particles 
which are being eroded. Material 
which makes contact with the top 
layer of soil may be adsorbed and 
later carried to lower layers. This 
downward migration is simulated by 
assuming that the top layers of soil 
are plates in an ion exchange 
column. With an appropriate 
distribution coefficient and other 
soil parameters related to material 
transport, the amount of material 
reaching the stream by underground 
pathways can be computed. There are 
a total of 15 parameters related to 
material transport including the 
initial concentration in each of tlie 
four theoretical plates. Some of 
these can be measured directly, 
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while several auat be adjusted to 
fit observed conditions. 

The Walker 3rancli Watershed, which 
we have been studying, is within the 
AEC reservation at Oak Ridge, about 
2 Biles east of ORSL. It is 
approximately 241 acres ur >'A 
hectares, consisting of 2 segaents 
of 146 and 95 acres, respectively. 
The atraaaflow froa each segment is 
aocitorcd continuously and samples 
froa each stream are analyzed weekly 
for various constituents. There are 
five rain gauges on the watershed 
which give hourly readings. The 
rainfall at each gauge is analyzed 
weekly, together with -luatfsll in 
Jong saaple buckets which are 
automatically covered during periods 
of precipitation to separate wet-
and dryfall deposition. 

Figure 4 siiows average 
precipitation and evapotranspiratlon 
deta for the Oak Ridge area. The 
average yearly total precipitation 
is about 33 inches, while the 
average ET is about half of this 
anount. As can be seen, the 
precipitation is generally lowest in 
the spring and fall with a peak in 
July and a broad peak during the 
winter. During the period Hay 
through October, the runoff is 
generally less 
month. 

than one inch per 

The International Eiolo-jical 
Program (IBP) has financed the 
collection of data on Walker 3ranch 
since 1969 with eophasls on the 
nutrients J», K, Hg, Ca, P. and N. 
Table I shows soae of the chemical 
budgets with each year representing 
the sua of 32 weekly analyses. Over 
the period of study there have been 
net losses for K and Ca and a net 
gain for '•>». In June, 1973, 
analyses of rainfall and stream 
ssaples were also stsrtcd under :tSF-
RANH funding for a nuaber of trace 
material;, including Cd, Cr, Cu, SI, 
Pb, and Zn. Today I plan to show 
the results of some of our 
simulation studies for potassium and 
cadmium. Mc began working witn 
potasslua while waiting for the 
trace element data to become 
available. 

Fig. 4. Average Precipitation and 
£vapetren*piratlon Data for the Oak 
kidge, Tennessee, Area. 

Table I. U'alker Branch Vatershed 
Nutrient Salance (k?.) 

Year In Out 

Potassium 

net 

1969 
1970 
1971 
1972 

390 300 
470 630 
180 490 
430 630 

Sodium 

+200 
-180 
-110 
-2U0 

1969 
1970 
1971 
19 72 

660 220 
9 70 300 

1000 420 
1430 o00 

Calciuu 

+440 
•4 70 
+3 SO 
+610 

1969 
19 70 
1971 
19 72 

190U U600 
1400 12700 
1300 11000 
ISOO 1S000 

-6 700 
-11300 
-9200 

-11200 
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'•'« war* *ble to use the 13? data 
an Uelker Sranch aella to estluata 
a distribution coefficient for K at>d 
tb« coacaatratioit of tb« alaaant In 
tk« upper layers of soil. In 
general, we triad to evaluate non-
aeaaurabla faraaetars, oithar by 
aeklng individual coaputer runs and 
changing tlia paraaetera ellghtly or 
with an opllulaatton routlna, which 
weald give a satisfactory watar 
slaulatiou first. Than wo 
caacaatiatad an ilia paraanters 
ralatad to aatarial transport. 

•0 I 
) o 0«S TOTAL > 2 4 l « 

, [ . — S I M TOTAL - Zt Z 1 

figure shows a coapariaon of 
observed and siaulatad eoatnly flows 
for tba aast fork for •alkar Branca 
for watar yaar 1970. Tha aiaulacion 
la fairly food, cooaldering tha 
larger-than*average rainfall during 
April. The prograa will coaputa 
dally runoff valuee, but stnea 
chaaicsl analysas ara only avallabla 
on a waakly basis, it aaaaad 
reasons'je to look first at Monthly 
and yaariy totala. 

figure b shows tha corresponding 
potasaiuu aiaulatlon. Slnia tha 
rataaaiua concentration In tba 
atreaa la generally In the narrow 
range of 0.6 to l.a eg/liter, tha 
aagnltude of the observed values 
closely parallels Che water voluaea. 
As has been observed at Hubbard 
Brook, tha concentration of 
potassiua in the atrean is an 
inverse function of the flow voluae. 

* 

? « 
3w < Z 
8 B 
le 
s* 

' OBS. TOTAL • 4 7 . 4 mo/(f» 
- — — SIM. TOTAL •S l .g ma / l l J 
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Fig . S. S'alker Branch Watershed, 
t e s t Fork Runoff UY70. 

Fin. "• Walker 1'ranch './aterslicd, 
Ease Fork P o t a s s l u o .Uncharge '..'Y70. 
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It baa proven somewhat difficult 
to obtain a proper aet of parameters 
to simulate the water and material 
transport simultaneously. We are 
considering replacing the Ion 
exchange portion 01 the model with 
another soil nodal such as the Dutt 
Model [«] or Jurlnak Nodal [5). 

During the last 7 months of 1973 
the monthly accumulations of Cd in 
tha rainfall ranged fron 140 to 2200 
grans, rcughly a factor of SO lower 
than tha potassium deposition. The 
dryfall was not analysed, but recent 
observations Indicate that the 
amount of Cd in dryfall is no 
greater than 10X of that In wet fall. 

to potassium, where 
a net loss in the 

watershed, the 7-month total for Cd 
in the stream was a factor of 13 
lower than the deposition. Thus 
over vo» of the Cd deposited in this 
7-month period remained on the 
watershed. These data are for 
dissolved Cd in the stream. Kecent 
measurements, however, Indicate that 
not more than about 6* of the Cd in 

in contrast 
there was 

the stream 
particulates. 

is associated with 

Figure 7 shows the water ba 
for this period, including 
rainfall which was exceedingly 
for the last 2 months. 
simulation is very good for 
entire period. With the sane 
land parameters, the Cd dischar 
shown in Figure 3 
between observed 
values is 
December. 

The agre 
and simu 

reasonable except 
This may be due to 

overland flow simulated 
generally not observed on 
heavily forested watershed, 
comparison. Figure 9 shows 
potassium discharge for the 
period. The simulation is 
eveu for the months with 
flows. The parameters that 
significantly different for th 
vs. K simulations are 
distribution coefficient, 
concentrations in the theore 
plates, and FIXM, which is the 
of stationary soil at the 
surface that is available 
exchange. Dale Huff [3] states 
the optimum vslue for FIXM de 
upon Its empirical adjustmen 
reproduce the observed conta 

lance 
the 

heavy 
The 
the 

et of 
se is 
ement 
lated 

for 
some 
but 
the 
For 
the 

same 
good, 
large 
are 

e Cd 
the 
the 

tical 
mass 
land 
for 

that 
pends 
t to 
inant 

hydrograph. The value of FIXtl 
necessary to reproduce the Cd data 
was over two orders of magnitude 
greater than that used for 
potassium. It is unt clear at this 
time why this shoul-1 be the case. 
We will soon have Cd data for 1974 
available that may help answer this 
question. 

= J •> 

JUN JUL AUG SEP OCT NOV DEC 
1973 

Fig. 7. Walker Branch Watershed 
Vater Budget June-December 1973. 

Thus ve 
ability 
sstisfactori 
stresaflows 
Watershed 
approximate 
of Cd and 
validation B 
in addition 
larger areas 
range of app 

have 
of 
iy 

ou 
and 
Che 

K. 
tudie 

to 
Co b 

lie at 

demonstrated the 
the model to 
sinulate observed 

Walker Branch 
to at least 

material transport 
We are continuing 
s on this watershed 
several others with 
etter determine the 
ion of the model. 
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THE ABILITY OF SELECTED SOILS TO UWVE MOLYWeWM FROM INDUSTRIAL WASTEWATERS* 

Brian G. Katx and Donald 0 . Ruimalls 
t m i v e r a l t y of Colorado 

Boulder, Colorado 80302 

ABSTRACT 

The aqueous affluanta of aany metallurgi-
cal milling operations In tht western U.S. con
tain molybdenum as an abundant dissolved metal. 
These wastewaters may enter and percolate 
through the aoll environment. Thla could re-
eult In contamination of groundwater reser-
volra. The ability uf aolle adjacent to these 
milling operations to remove eolybdeniai from 
Infiltrating effluent* should be well docu
mented. 

The maximum amount of molybdenum sorbed by 
desert, agricultural, and alpine soils was In
vestigated. The following soil properties 
were examined In order to determine which pro
perties have the greatest control on the sorp
tion of molybdenum: 1) pH, 2) amount of or
ganic matter, 3) amount of clay, 4) clay min
eralogy, and 5) amount of extractable iron 
and aluminum oxyhydroxides. 

The average maximum sorption value for 
molybdenum was 9.5 ug Mo/g soil by desert 
soils and 50 ug Mo/g by the agricultural soil. 
The alpine soils showed an average sorption 
value of 160 ug Ho/g aoll. These three types 
of soils do not differ significantly In their 
clay mineralogy, content of clay minerals, and 
amount of extractable iron oxides. Therefore 
these properties cannot account for the 
large observed differences In tbe molybdenum 
sorption capacities. The mountain soils 
ahowed significantly higher extractable alumi
num. Low soil slurry pH valuea (pH 5.0-6.0) 
with high percentages (10-14Z) of organic mat
ter were also observed for tbe alpine soils. 
The desert and agricultural soils have almoBt 
no organic matter and show high soil slurry pH 
values (7.8-8.2). 

This study has demonstrated that soils 
with higher pH values, with correspondingly 
lower amounts of organic matter and lower con
tents of extractable aluminum are much leas 
effective in removing molybdenum from milling 
water solutions than soils which contain 
higher amounts of organic, matter, aluminum 
oxyhydroxldes, and which are acidic. These 
findings are consistent with previously pub
lished data. 

*Work aupported by NSF (RANN) Grant GI-34814X. 

IKTDODUCTIMl 

In the waatern U.S., Ho Is the moat abun
dant dissolved metal In the aqueous effluents 
of many metallurgical milling operations. Such 
Industrial wastewaters may escape Into the sub
surface and may percolat* through various 
soils. The ability of soils adjacent to these 
milling operations to remove Mo from Infiltra
ting solutions should be documented. The con
tamination of potential groundwater reservoirs 
may be prevented by soils which sorb contami
nants from Infiltrating watera. 

In order to investigate the capacity of 
desert, agricultural, and alpine soils for re
moval of Ho, two types of studies were per
formed. The first set of experiments involved 
time-equilibration studies, whereas the second 
set consisted of the determination of sorption 
isotherms. The tlme-equlllbratlon studies 
yielded K,j values which gave the equilibrium 
ratio of the amount of Ho in the solid (soil) 
phase relative to the amount of Ho in the li
quid phaae. The Isotherm work predicted the 
maximum amount of Ho sorption by tbe different 
soils by means of Langmulr adsorption iso
therms. One form of the Langmuir equation is 
X/m - KbCeq/l + KCeq where X/m - ug Ho sorbed 
per g of soil; - the adsorption maximum in 
Ug/g; C eq » equ. librium concentration in 
Ug/a£; and K - a constant. In linear form 
this equation becomes Ce„/X/m • Ce-/b + 1/Kb 
where the slope - 1/b and the intercept • 1/Kb. 
Predicted adsorption maxima (b) have been cal
culated using the Langmuir equation for many 
different soils and anions. 1 ,*« ,•''• 5> 6> 7> 1 

The soils chosen for study represent 
those found near three metallurgical milling 
operations. The soils from Arizona were col
lected near copper mines and mills, and those 
from Canon City, Colorado were collected near 
a uranium mill. The alpine soils were col
lected from Ht. Aetna in southcentral Colorado 
and represent the type of soil found in a sim
ilar alpine environment near a molybdenum mine 
and mill farther to the north in Colorado. 

Five soil properties were measured in 
order to determine which soil parameters have 
the greatest control In the capacity for re
moval of Mo. These soils properties include: 
1) pH, 2) amount of organic matter, 3) soil 
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texture, 4) clay mineralogy, and 5) aaount of 
extractable iron and aluminum oxyhydroxidee. 

MATERIALS AND METHODS 

Soils, lulk aaanlea were eollactad of two 
daaart aolla froa southern Arlsona, two agri
cultural aolla froa Canon City. Colorado, and 
two alplna tolla froa Mt. Aetna In eouthcaatral 
Colorado (12,500 faat elavation). Tha aolla 
ware alr-drled and passed through a 4.4 as 
•leva. Arizona Soil * la a coapoelte aaaple 
collected over an Interval froa the aurfaca to 
a depth of about 24 lnchea. Arliona Soil S 
alao repreaentD e coapoalte aaaple of the upper 
two feet of the deaart aoll profile, collected 
a few allee froa aaaple 4. Both sella are lo
cated laaedlately adjacent to araaa of copper 
airing and Billing, but neither haa bean con-
taalaated. Canon City Soil 25 la a coapoalte 
taenia collected over an Interval of about 
eight lnchea froa a depth of two to ten lnchea 
below the aurfaca. The alta of thla aaapla la 
located up-gradlent froa a uranlua alll. Cenon 
City Soil 1 alao repreaente a composite aaaple 
collected over an interval froa two to twelve 
lnchea In depth. Thla agricultural aoil la 
locatad a alle and a half dovn gradient froa 
the uranium aill and haa been irrigated for the 
paat eight yeara with contaalnated groundwater 
containing Mo concentrations aa high aa 50-60 
ag/£, high T.D.S., and high radioactivity. 

Choalcol enalyaea. Mo waa deterained by 
the thlocyenate-atannoua chloride procedure 
of Johnaon and Arkley' aa nodiflad by Meglen." 
A Leede and Northrop pH aater with a combina
tion glaaa electrode waa eaployed to aeaaure 
the pH of the 1:2 (aoil:water) alurriea. An 
Inatruaentatlon Laboratories Model 353 Atonic 
Absorption Spectrophotoaeter waa used to de-
teraine the amounts of Fe and Al present in 
the dithlonlte-citrate extraction solutions. 

line of -quilibratlon end isotherm 
studies. The amount of tine required by the 
aolla for equilibration with dissolved Mo and 
the procedure for the Langnuir iaothera 
atudiea were deacribed by Katz and Rurmells.11 

Briefly, shaker-type experiments showed that 
the desert and agricultural soils reached 
equilibrium with dissolved Mo in about 18 to 
24 houra and four to six hours, respectively. 
The alpine aoils needed only one to two hours 
to reach equilibrium with dissolved Mo. 

Percent organic matter. The percent or
ganic matter waa determined by two different 
methods. The firBt method consisted of an 
ashing technique as described by Davies. 1 2 

This procedure involved ashing 25 to 30 g of 
soil at 430°C for 24 hours. Loss of inter-
layer water from clay minerals was taken Into 

account and corrected by calculation. The 
second method Involved a hydrogen peroxide di
gestion aa deacribed by Jackson." 

Soil texture analyele. The distribution of 
particle sixes of sand, ailt, and clay for 
each aoll waa determined by the settling-
pipette method of Marios. Thla Method uses 
a 25 g aaapla of aoll and aodlua hexaaetauhos-
phate aa the dispersing agent, with the alxea 
determined by the usual Stokes equation" for 
time of Battling. 

Clav alnaraloiical analyaia. The clay 
fraction of each aoll waa washed with aodlua 
acetate (pH 5 buffer) in order to remove ell 
C a 2 + lone froa lnterlayer positions and all 
CaC03 froa the sample. Oriented specimens 
of the washed claya were mounted on heated 
porcelain tiles for x-ray diffraction analysis. 
Three different diffraction patterns were ob
tained froa tha untreated, glycolated, and 
heated (550*C) claya. Tha apeclnene were 
mounted again after treatment with IN HC1 at 
90*C for one hour end a fourth diffraction 
pattern was obtained. A Philipe-Norelco X-ray 
Slffractometer waa employed with Cu-Xa radia
tion for all x-ray diffraction analyses. 

Extractabla Fe and Al oxyhvdroxidea. The 
aaount of extractable Fe and Al oxyhydroxidea 
waa determined by the citrate-dithionite pro
cedure of Mehra and Jackson.'5 Thla aathod 
involves buffering the system at pH 7.3; it 
haa almost no destructive effect on iron sili
cates or clay minerals. Fe and Al were de
termined by atonic absorption. 

PREVIOUS STUDIES 

Davies", in summarizing the research of 
others on the reactiona of aolybdata with 
aoila and claya, concludes: 1) the amount of 
Mo aorbad by aolla and claya decreases with 
increasing pH to about 7.5, above which vir
tually no sorption of Mo takes place and 2) 
the sorption of aolybdete ions by soil col
loids results in an Increase In pR of the sys
tem. He suggested that one aachaniam of sorp
tion of Mo la through replacement of exchange
able hydroxy1 ions. 

Reisenauer and othera 1 7 conclude thet the 
solubility of Mo in aoil and hydroua oxide 
systems is controlled by the percentage Mo 
saturation and the pH of the ayatea. The 
strong effect of pH, with adairption decreas
ing with rlaina pH, haa been confirmed by 
other workers.»•«»'• 

Another major aoil property controlling 
sorption of Mo in soils is the amount of or
ganic matter. Bloomfield and Kelao1* have 
found that mobilized Mo is fixed by orgenlc 
colloidal decomposition products and that the 
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maximum racantion of Ho la at pH l.S. 
Szilagyl'0 reporte thai a peat preparation en
riched In humlc acid reducea molybdate lone at 
low pH to yield Ho(V) which In catlonlc form 
la readily bound by humlc aclda. Harvard and 
other* 1 1 postulate that the positive chart* 
poeeeesad by some amphoteric organic compounds 
•ay account for the sorption of anions. 

Grim 1 1 iy. his research with clay alnarala, 
atataa that salons such aa phosphate and arse
nate which have ths same slss and geometry aa 
the silica tetrahedron, may be adsorbed by we-
comlng attached onto the edgea of silica tetra-
hedral sheets. Molybdate Ion may behave in 
similar fashion. 

Grim 1 1 also ststcs the Importance of par
ticular clay minerals in anion exchange. For 
clay minerals auch aa kaollnlte, in which cat
ion exchange la due to broken bonds, the 
cation- and anlon-exchange capacities would be 
almost equivalent. In other minerals such sa 
smsctlts and vermlcullte, the anion exchange 
capacity would be only a small percentage of 
tha cation exchange capacity. This Is because 
in smectite and vermlculite clay minerals, 
cation exchange is the result of lattice sub
stitutions. Illite and chlorite clay minerala 
should alao have anion exchange capacities 
lower than their cation exchange capacities.22 

The praaence of Fe and Al oxides and oxy-
hydroxidee la an important property of soils 
in terms of removal of dissolved Mo. Reyes 
and Jurinak' found that approximately five 
times aa much Mo waa adsorbed by a-hematite 
(Fe2(>3) near saturation at pK 4.0 than at pH 
7.8. They postulate two different adsorption 
sites. The first is a fixed aitef whereaa the 
second lnvolvee weaker poaltive altea which 
should be neutralized aa the surface ia ex
posed to a baaic aolution. This neutraliza
tion of poeltlva aites lowera tha sorption 
capacity at higher pH values. 

Jackson2' states thst aniona such aa CI , 
SO; , anJ POJ are held in a hydroxy-alumlna 
structure (X) through the substitutions for 

XA1 A1X + i ^ 0 H N 0, » XA1 A1X + H,0 
* vso.' 2 

\4 
K 

o„2-At lower pH values, SO4 exchange ia favored. 
The molybdate ion ( H00J" ) nay be retained in 
a almilar faahion in a hydroxy alumina etruc-
ture. 

Runnella and othera1' have found that ao-
lutlona containing oxyhyuroxidea of Fe and Al 
can be extremely effective in removing die-
solved Mo. The optimum pH for 982 removal of 
Ho by Fe oxyhydroxldea waa found to be 3.2 for 
particular watere studied. The Fe:Mo ratio in 
aolution was approximately 25:1. 

Using an AlrMo ratio of approximately 440:1 
the moat effective pH for removal of 751 dis
solved Ho was 4.8. 

RESULTS AM) DISCUSS10K 

Table. I shows the predicted maximum 
amount of Ho which can be eorbed by the eix 
•oils aa obtained from the modified Langmulr 
adsorption Isotherm equation. The adsorption 
Isotherm plots for these soils were described 
by Kate and Runnella.n From Table 1 It la 
aeen that the maximum sorption valuea "b" for 
Ho for the acidic alpine soils srs approxi
mately 20 to 30 times larger than those for 
the alkaline deaart and agricultural soils. 

TABLE I. Results of Isotherm experiments. 

1:2 
Soil aollswater 
sample slurry pH 

Predicted 
max. Ho 
sorption 
"b" t JO* 
(Ug/g) 

Other 
major 
waate-
water 

components 

Arizona 
Soil 4 

8.0 10 Ca-Mg-SO^ 
pH 7.0 

Arizona 
Soil S 

8.2 9 Ca-Mg-SO 
pH 7.1 

Canon City 
Soil 1 

8.0 Releaaed Ho Na-Ca-Mg-S0. 
HC0 -Cl 
pH 7.0 

Canon City 
Soil 25 

7.8 50 Na-Ca-Mg-SO 
HC0.-C1 * 
pH 7.0 

Ht. Aetna 
Soil "A" 

S.6 140 Ca-S0,-Cl 4 
pH 6.5 

Ht. Aetna 
Soil "B" 

5.1 180 Ca-S0,-Cl 
4 

pH 6.5 

For Canon City Soil 1, a sorption maxi
mum ("b") for Ho could not be predicted. This 
soil, located down-gradient from the uranium 
mill, has been irrigated periodically with 
contaminated well water for the past eight 
yeara. The water contalna approximately 50 
mg/S. diaaolved Mo, presumably due to leakage 
from the mill ponda. During the experimenta, 
this soil was found to be already aaturated 
with exchangeable Mo and actually released Mb 
to our test solutions. 

The amount of organic matter in each soil 
sample is shown in Table II. As described 
earlier, the percent organic matter waa esti
mated by two different methods. There is a 
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close correlation between the two Methods when 
the Interlayer water lota froat the clay miner
als If taken Into account In the ashing proce
dure by Davie..12 The alpine soils which con
tain 4-131 organic Batter are Much sore effec
tive In removing Mo froa the Billing solutions. 
The alkaline soils froa Canon City and southern 
Arizona contain alaoet no organic aattcr (laaa 
than one percent) and have a much lower capa
city for Mo removal. 

TABLE II. Precent by 
aattet 

weight of organic 

X organic m itter 
Soil saaple Ashing (X) H 2 0 2 , dlgeation 

Arizona Soil 4 0.3 0 
Arizona Soil 5 0.2 0.3 
Canon City 
Soil 1 

Canon City 
Soil 25 

Mt. Aetna •o. 13 Soil "A" •o. 13 
Mt. Aetna 
Soil "B" 4.1 2.1 

The texture of the soil la a property 
which aay alao partially control the amount of 
Mo which can be removed by a given aoll. Many 
reaearchera have atated that the Important 
chemical reactiona going on In aolls take 
place within the clay-alze fraction. Table 
III lists the particle size distribution for 
each aoll sample in weight percent. 

TABLE III. Particle size distribution 
In weight percent. 

(By settling) 

Soil 
sample 

4.8-
2.0 ma 

Particle 
2.0-
0.05 mm 

sizes 
0.05-
2W 

<2y 
clay size 

Arizona 
Soil 4 

12 67 10 7 

Arizona 
Soil 5 

12 48 15 22 

Canon City 
Soil 1 

1 42 33 18 

Canon City 
Soil 25 

2 66 17 10 

Mt. Aetna 
Soil "A" 

10 60 18 8 

Mt. Aetna 
Soil "B" 

23 61 6 6 

Both the Arizona soils and the Canon 
City soils contain twice as much clay-nize 
•aterial aa the Mt. Aetna (alpine) soil sam
ples. However, the alpine soils are 20 times 
more effective in removing Mo than th* Arizona 
soils and have four tinea the capacity for re
moval of Ho as Canon City Soil 25 (Table I). 

TMa apparent contradiction could possibly 
be caused by gross differences In the clay 
alneralo&y of each soil. However, closer exam
ine t Ion of Figure 1 reveals that all six noils 
are remarkably siailar in the types of clays 
present, as dateralned froa tba analysis of the 
x-ray diffraction patterns.* , 2 ,"* 5 ," , a 7 

All three t^pes of soils are predominantly com
posed of 13 lite-smectite mixed-layer clay min
erals, with the following randomly stratified 
composition: 80-90% illite - 10-20% smectite 
and 10-20% illite - 80-90% smectite. All six 
soils contain kaoUnite, chlorite, smectite, 
and lllite. One of the major differences In 
the mineralogy of the clays appears in Mt. 
Aetna Soil "A". This soil contains boehmite 
(A100H). This mineral was previously thought 
to occur only in tropical lateritic environ
ments, but the occurrence of boehmite has now 
been documented In the alpine environment.26 

The alpine soils show weaker peaks for allo-
phane and vermiculite in the "A" 
sample than in the deep "B" sample. 

Although the clay minerals most likely 
occur in different proportions in each of the 
soils studied, the small differences in types 
of clay cannot be a major factor controlling 
the large observed differences in the maximum 
sorption values for Mo. We were not able to 
determine proportions of each clay mineral 
from our data. 

The amount of hydrous oxides of Fe and Al 
is another soil property which must be consid
ered in attempting to explain removal of Ho 
by soils. Bar graphs of the percent of ex-
tractable free Fe and Al oxyhydroxides for 
each soil sample appear in Figures 2a and 2b, 
respectively. The graph in Figure 2a shows 
that all six soil samples contain the same 
amount of extractable free Fe oxides, within 
analytical and experimental error. Thus the 
extractable Fe values, or the equivalent con
tents of Fe oxyhydroxides, cannot account for 
the large observed differences in maximum Ho 
sorption. 

The amounts of extractable Al oxyhydrox-
ides, however, are quite different. The Ht. 
Aetna soil samples (Figure 2b) contain 0.25% 
Al oxyhydroxides, whereas the Arizona and 
Canon City soils show average values of 0.04£ 
and 0.05%, respectively. This higher content 
of extractable Al offers a plausible bat;is for 
the observed differences in sorption. 

To eliminate possible interference by or
ganic matter in the extraction procedures, the 
organic matter in triplicate samples of Mt. 
Aetna soils was removed by a HJD^ digestion. 



P F ^ r ^ « | ^^^H ip e , ~~ ~»*?s ^^^H 
i — ^ • 

^H & — ̂ ^ ^^H " •"" 1 ̂H r̂  ^^H ;• • • '"^i 

? 

. 
Figure 1. Clay mineralogy of selected soils. The presence of a particular clay mineral 

is Indicated by the white squares. The relative percentages of randomly 
stratified illite-smectite components within the mixed layer clays are shown 
by the position of the solid black line in the illite-smectlte mixed layer 
clay column. 



Figure 2a. Extractable Iron oxyhydro*id*». Figure 2b. Extractable alualnua oxyhydroxideB. 

(without removal of organlcs) 
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The amounts of extractable Fe and Al were then 
redetermined. Table XV ahovs the percentages 
of Fe and Al oxyhydroxides extracted fron Ht. 
Aetna aoll samples "A" and "B" after removal of 
organic matter. The reaulta ahow surprisingly 
good precision, and the results for the "B" 
sample for Fe compare very well with the ex
tractions done prior to removal of organic*. 
However, the reeulta for Al and Fe In the "A" 
sample and Al la the "B" sample Indlcata that a 
considerable portion of the Fe and Al was bound 
up with the organic matter. This organically 
bound Fe and Al gave results which were not 
consistent from sample to sample without prior 
digestion. When the organic matter was re- • 
moved by R2O2 digestion reproducible results 
were attained. 

TABLE IV. Extractable Fe and Al oxyhydroxides. 

Z Ff oxvbydroxides Z Al oxyhydroxldes 
orgsnlcs organics 

Soil not removed 
aample removed 

organlca organics 
not removed 

removed 

Ht. Aetna 0.81 
Soil "A" 0.67 0.82 

0.83 
Ht. Act™ 0.69 
Soil "B" 0.63 0.64 

0.64 

0.25 
0.13 0.25 

0.2S 
0.26 

0.19 0.18 
0.24 

It la evident from Table IV and Figure* 
2a and 2b that the alpine aolla contain approx
imately five times as much extractable Al 
oxyhydroxides as the other two types of soil. 

raTERPRETATIOH 

The pB of a soil system is a major factor 
In controlling the amount of Ho that can be 
sc-bad by various types of aolla. The acidic 
alpine soils show a much greater capacity for 
•orbing Ho from metallurgical waatawatera than 
do the alkaline desert and agricultural soils. 
This Is shown well by comparing the reaults 
(Table I) for the acidic alpine soils with the 
two alkaline soils from Canon City and Arizona. 
Table I shows that from Isotherm studies, the 
predicted msrlmnm sorption capacities for Ho 
for the alpine soils are approximately 20 
times larger than those obtained for the des
ert soils and three to four times larger than 
those obtained for the agricultural soil. 

The alkaline soils of this study, which 
sre generslly locsted In oxidising environ
ments, contain only small amounts of organic 
matter. The alpine aolln, on the other hand, 
contain up to 11)5 combustible organic matter.12 

The larger amounts of organic matter present 

in the alpine soils may contributed to the ob
served higher values for sorption of Mo. 

The acidic alpine soils also contain ap
proximately five times the amount of Al oxy
hydroxldes than the alkaline soils from south
ern Arizona and Canon City. From the results 
obtained by Runnells and others,18 it can be 
concluded that these higher amounts of Al oxy
hydroxldes In the alpine soils may contribute 
to the observed higher Ho sorption values at 
low values of pH. 

The higher clay mineral content of the 
alkaline soils ss compared to the alpine soils 
is not an important control on the amount of 
Mo that can be sorbed. The types of clays of 
all three types of soils are so similar that 
differences in clay mineralogy cannot account 
for the large observed differences In the 
amount of Ho aorbed. It la possible that dif
ferences In proportions of clays, which we did 
not determine, could Influence the sorption. 

In documenting the effective capacity ot' 
particular soils for removing Ho from indus
trial waatewaters, one should investigate at 
least three soil properties. These are the 
1) pH, 2) amount of organic matter, and 3) 
amount of extractable free Al oxyhydroxldea. 
From our work it la clear that acidic mountain 
soils offer far more protection to groundwater 
from infiltrating wastewaters containing Ho 
than do alkaline desert and agricultural soils. 
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RAPPORTEUR'S REPORT OF THE SESSION ON WATER AND SOIL 

U. Fulkersor. 
Energy Division 

Oak Ridge National Laboratory* 
Oak Ridge, Tennessee 37630 

I don't know whether I can follow Harry 
Edward's excellent example, but I will try to 
report something of what I heard and something 
of what I thought was the significance of what 
I heard. Of course, I can't hope to give any 
sort of a complete or comprehensive report; but 
maybe I can give you a flavor of the session. 
I am no' "Oing to review the Invited paper in 
this artA oy John Lagerwerff because you all 
heard i t , but I would remind you of three of 
his admonitions to us which are: 

1. Each pollution case is different, 

Z. Avoid oversimplification (synergisms, 
etc . ) , and 

3. Consider metal-organic material 
interactions more carefully. 

The third item was a major emphasis in the 
Session 2 deliberations, and I think that in 
that area we're going to find the crux of the 
explanation for accumulation of trace contam
inants fn certain compartments in ecosystems 
as well for mobilization of trace elements 
through chelation. The f irst two admonitions 
are true, but what we would s t i l l like to be 
able to do is to develop some unifying hypoth
eses in this very complicated area of soil-
water interactions. I think I saw some bits 
of hypotheses being developed in Session 2. 
As a matter of fact, people were even adventur
ous enough to presume to model some of these 
interactions and to model transport. 

The papers that we heard can more or less 
be categorized as shown in Illustration #1. 
The major areas were (1) transport and (2) sam
pling strategy and measurement and monitoring 
techniques. One Important aspect of transport, 
which concerns how the contaminant fn question 
is deposited, was not addressed specifically; 
however, there were at least two papers that 
dealt with Input-output balances or budgets for 
equatic systems where deposition wa: measured 
for the simple case of a water surface. Evap
oration, resuspenslon, were really not consid
ered at a l l , except in the case of mathematical 

Illustration #1 

No. of 
Paners 

Operated by the Union Carbide Corporation 
for the U. S. Atomic Energy Commission. 

Soil-Water 
Transport 
Depos1ti on-Evaoorati on-
Resuspenslon 

Transformation (Chemical and 
Biological) Movement with Water 5 

Input-Output and Ecosystem 
Budgets 5 

Mathematical Simulation Models 3 
Sampling, Measurement and Monitoring 
Sampling Strategy 2 
Analytical Methods 3 
Monitoring (Ecosystem Health) 1 

Trace Contaminants 
Elemental (Pb, Cd, Cu, Zn, Mo, As) 18 
Organic 1 

models. I would say that deposition 1s an area 
of considerable importance; I'd like to see some 
more emphasis there. In the second area under 
transport the papers dealt with the transforma
tion of pollutants—chemical and biological 
transformation—and with the movement of pol
lutants In water. We heard some very important 
papers. However, I should mention that there 
was something missing. We didn't have any 
papers on plant uptake In the session; I under
stand that Dr. Van Hook will review at least 
two papers on plant uptake that were given in 
the biological section. Obviously, the work 
done to study transformations and water move
ment certainly has relevance to the question of 
plant uptake. 

Of the five papers in this area two con
cerned the New Lead Belt in Southeast Missouri — 
one by E. A. Bondiettl and E. Bolter, and the 
other by E. Bolter alone. The evidence Indi
cated the formation of copper, cadmium, zinc, 
and lead soluble organic complexes In soil and 
Utter material. Lead which turns o»f to be 
the least soluble shows Utter-layer concentra
tion anomolles to greater distances from two 
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lead smelters studied than did the other ele
ments. Presumably the explanation is that lead 
undergoes slower subsequent movement with water 
after deposition. Three papers were concerned 
with sorption of metal onto soils. R. L. Zimdahl 
reported that lead sorption on various soil types 
obeyed a Langmuir type Isotherm, and, furthermore, 
that the Langmuir constant could be correlated 
with the 1on exchange capacity of the soi l , the 
organic matter content, and pH. Similarly, B. 
Katz and D. D. Runnel Is showed that a Langmuir 
type isotherm was obeyed for sorption of moly
bdenum on various soils, again with the important 
parameters being pH and organic content of the 
soil ; but the aluminum oxy-hydrox1de content of 
the soil was found to be important as well. The 
importance of iron, magnesium, and aluminum oxide 
as the hydrated species for influencing the sorp
tion was emphasized by R. H. Jordan, and he 
pointed out the importance of pH and the age or 
history of the hydroxide relative surface reac
t ivi ty. Incidentally, R. Carpenter and E. A. 
Crecelius, who reported one of the input-output 
studies, found that iron oxy-hydrox1des were 
important in the precipitation of arsenic from 
Lake Washington. 

I don't understand why Langmulr's isotherm 
should be obeyed for all of these very compli
cated systems. Langmuir, whose theoretical 
development was quite simple, assumed one type 
of active site on a surface, and I don't really 
understand why such a simple model should be 
obeyed in such complex systems. I think this 
may be one of the areas (my naivete is showing 
I'm sure) where we may identify some general 
principles that lead to a more fundamental 
understanding of what 1s going on. At least a 
useful empiricism may develop that can be applied 
in models. 

There were five very good papers on input-
output measurements around ecosystems or parts 
of ecosystems. Three of these dealt with water
sheds and two with the predominantly aquatic 
systems; R. I . Van Hook, my ORNL colleague, 
reported detailed budgets of lead, zinc, cadmium, 
and copper, for a highly Instrumented watershed, 
the Walker Branch Watershed at Oak Ridae. This 
1s a relatively uncontamlnated system (1f you 
consider three power plants not sources of pol
lutants). The information, and, I hope, the 
experience gained at the Walker Branch Watershed 
can be applied 1n various contaminated areas, 
more contaminated areas ( I should say). We are 
studying such an area, the New Lead Belt area, 
with the University of H1ssour1-Rolla. For both 
uncontaminated and contaminated areas there Is 
accumulation of toxic elements 1n l i t ter material. 
Some important differences in accumulation by 
various tree species was evident at Walker Branch 
Watershed. E. Bolter in his work at the New 
Lead Belt showed some very Interesting data (as 

mentioned above) on accumulation of lead, 
cadmium, copper, and zinc in the Oi and 0 2 

l i t te r layer around two smelters. The pattern 
of concentration anomalies are strikingly dif
ferent around the two smelters, and the impli
cation is that the difference in pattern is 
related to differences in chemical soecies 
emitted by the two plants. Bolter's report 
was in the nature of a progress report, and I 
trust that this phenomenon will be better elu
cidated. J. C. Jennett and M. G. Hardle, in 
studying some of the watersheds In the New Lead 
Belt area, concluded that surface water quality 
has not been impaired seriously by heavy metals. 
There may be some buildup of heavy metals in 
sediments in reservoirs downstream. 

A. W. Mcintosh and T. Peyton, reported on 
the Input-output budgets for a borrow pit (a 
pit you dig nextdoor to a highway when you're 
stealing dirt) In Gary, Indiana. The inout to 
this pit is mostly via atmospheric fallout and 
i t roughly matched the measured accumulation 
of lead, zinc, cadmium, and iron in the sedi
ments of the pit which had been subject to this 
fallout for some twenty years. No appreciable 
food chain accumulation1: were observed. The 
pit had fairly elaborate aquatic food chain, 
all the way up to bass. 

On a much larger scale and in somewhat the 
same vein, E. A. Crecelius worked on an arsenic 
balance for Puget Sound and Lake Washington, 
and, I thought, did a very commendable job on 
this difficult task. He showed that the the 
accumulation of arsenic in the sediments In 
Lake Washington could be attributed to the input 
from a copper smelter. The smelter was some 25 
kilometers away and had been in operation for 
sixty or seventy years. This result was inter
esting to me because i t showed an appreciable 
accumulation effect on a regional scale ( i . e . , 
at quite a distance from the source). Inciden
tal ly, the arsenic accumulates 1n the sediments 
or is washed out to sea, and the conclusion was 
that there was no great harm that had been done 
to the aquatic system. 

Three papers were presented on mathematical 
simulation models for the transport of contam
inants in the soil-water system. Since all 
three of these papers came from my shop, I can, 
I guess, be critical of the effort. R. <j. 
Rarldon and J. K. Munro presented results of 
our f i rst attempts, to apply a unified air-
water transport model to two watersheds - the 
Walker Branch Watershed at ORNL and Crooked 
Creek in the New Lead Belt. Raridon and co
workers were able to simulate the outflow of 
cadmium and potassium from Walker Branch Water
shed In a very reasonable way. I t remains to 
be seen whether extrapolation 1n time can be 
made using this model. Can the model be trans
ferred to other situations which are perhaps a 
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l i t t l e less well defined? Walker Branch Water
shed has had several million dollars of research 
money poured Into 1t. J. K. Hunro and B. G. 
Mixson reported on our simulation for the Crooked 
Creek Watershed in the New Lead Belt, which 1s 
just such a less well defined situation. This 
was a very rough f i rst attempt, and the valida
tion awaits the further work by the ORNL and 
Holla groups. I guess I remain sort of cau
tiously optimistic that we can do watershed 
transport modeling which will be useful I f i t 
1s backed up by at least a minimum amount of 
monitoring data, f inally, D. E. Fields reported 
on his work to develop a sediment transport 
model. Sediment transport may be itiy important 
In some river pollution situations. The model 
provided a good simulation of observed bedload 
and suspended sediment transport in the R1o 
Grande River and of the particle size distr i 
bution of suspended sediments. 

Turning now to the sampling, measurement, 
and monitoring area, the papers presented were 
excellent, but they were rather mixed. They 
were a collage, i f you will permit me to say 
so. The f irst two were on the important, and, 
1 think, generally neglected area of sampling 
strategy. W. Tranter and J. L. Sandyos showed 
a scheme for determining the optimum sampling 
locations and sample numbers for soil and 
vegetation for the case where there Is a point 
source which is the "forcing function". He 
described the application of the principle of 
"getting more samples where things are happen
ing" to the experience of the Rolla group with 
Utter measurements In the New Lead Belt. 
E. M. Thurman and D. D. Runnel Is discussed 
results of a study of stream sediment samplings 
In Colorado. He found i t necessary to obtain 
a number of samples at each stream location 
to avoid missing Important effects. He showed 
some interesting results illustrating how one 
sediment sample could be used to gain a good 
deal of Information by fractionating that 
'ample relative to particulate size. 

There were four papers on analytical 
methods. F. P. Brady and S. K. Perry reported 
on very highly automated multi-element x-ray 
fluorescence method for determining the ele
mental composition of suspended particulates 
from water samples around the world. This is 
a very elegant technique, and i t is an Inter
esting contrast to the oven-ring method de
scribed by F. K. West and P. W. West. West 
showed the oven-ring method can give quite 
sensitive and reproduceable results on many 
elements. One method requires a many kllobuck 
capital Investment, the other only a few hun
dred dollars. Both methods have their place. 

J. A. Carter described a method for rapid 
determination of total nitrogen and nitrogen 
isotopes In a variety of environmental samples. 

This paper probably should have been given in 
the Biological Session alono with other nitrogen 
and nitrate oaners, but the technique works well 
and was applied to some of the environmental 
samples from the University of California at 
Davis. The work of the Davis groun was reported 
in the Biological Session. 

Only one oaoer 1n the session concerned or
ganic contaminants. This was an Inmuno assay method 
reported by Williams. This 1s, I understand, a 
fairly old technique, but I t has been made highly 
sensitive and soeclflc for a number of rather corn
el Icated pesticides. The trick anoarently is to 
label the contaminant about which you are con
cerned with a fluorescent marker. This is a 
wry neat method. I guess, i f I had to make a 
prediction, 1t would be that the next few years 
will see the emphasis of this conference change 
from elemental contaminants to organic contam
inants. This Is not because we have done every
thing 1n the elemental contaminant area, but 
because the research K>ney 1s changing to the 
organics. The reason, c.f course, Is that we 
are committed to Project Independence. Thus, we 
will be concerned with coal conversion technology 
and oil shale technology. One of the difficulties, 
of course, Is to find adequate analytical method
ology. I understand from the people that I talk 
to in our Analytical Chemistry Division that they 
can analyze anythinq at any level for enough 
money, and that they will be glad to analyze a 
coal liquid for us I f we'll give them three years 
and a million dollars. I t 's got to be done for 
less than that. 

The last pacer that I should mention — 
certainly not the least — is the work reoorted 
on monitoring ecosystem health. J. Cairns and 
co-workers reported using a laser Interferometer 
or holographic method to automatically monitor 
one measure of aquatic ecosystem health, namely, 
the population distribution of diatoms. Now this 
really sounds way out, but i t 1s an intriguing 
idea, and they have come a lono way towards imple
menting this Idea. I f I t works i t is going to be 
quite significant relative to monitoring subtle 
effects of contaminants. 

Well, I really should sum-up and give some 
wise words of advice and thoughts for future 
research directions, but I think that the better 
thing would be for us all to read the papers. 
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DETERMINATION OF TRACE METALS IN WATER BY MEANS 
OF THE RING OVEN TECHNIQUE. I. DETERMINATION OF 

COPPER, CADMIUM, ZINC, NICKEL, AND COBALT 

F. K. West and P. W. West 
Department of Chemistry, Louisiana State 

University, Baton Rouge, Louisiana 

Abstract 

An analytical scheme for the separation 
and concentration of copyer, cadmium, and 
zinc from waters has br.en developed. The 
final concentration step and the measurement 
of the isolated species is made using the ring 
oven technique. Detection of concentrations of 
these metals well below the maximum per
missible concentrations is possible. It is 
anticipated that this procedure will be useful 
in field studies and by water laboratories 
having limited equipment and personnel. 
Water samples are extracted by the use of 
ammonium pyrrolidine dithiocarbamate to 
chelate the metalB and methyl isobutyl ketone 
to extract the metal species from the aqueous 
samples . The organic layer is back extracted 

The hydrous metal oxides of iron, man
ganese and aluminum exhibit Bolubility, and 
surface charge dependence as a function of 
pH. They are also known to incorporate a 
wide variety of elements and chemical species 
(both cationic and anionic) into their solid 
phase from aqueous solution. The intensity 
of incorporation is likewise strongly pH de
pendent but the patterns vary widely with e le 
ment and chemical species identity. In en
vironments where the hydrous metal oxides 
exhibit a significant interfacial concentration 

with a dilute potassium cyanide solution. The 
volumetric ratio of KCN to MIBK is 1:10. Con
centrated HC1 and HNO3 are added to the final 
extract and the sample is oven dried. One to 
10 millil iter of dilute KCN are used to dissolve 
the final residue containing the metallic species . 
This permits concentration factors of 1000:1, 
100:1, e t c . , as required. Suitable aliquots of 
the concentrated samples are added to the 
filter paper on the ring oven. Appropriate 
reagents are added to move the metallic 
species from the center of the filter paper out 
to the heated ring zone for concentration and 
development of a specific colored ring for 
each metal. Standard rings are used for 
quantification. 

with water they may play a pronounced role in 
controlling the chemical phase and thus trans
port of a large number of chemical spec ies . 
This phenomena is thus of interest in a number 
of disciplines, e . g . , so i l s , limnology, 
oceanography, geochemistry, metallurgy, and 
analytical chemistry. This paper deals with 
the general nature of the phenomena for the 
purpose of defining its role and application in 
the removal of a variety of trace elements 
from aqueous solution. Specific reference is 
made to Fe{III)-Mo(VI) interactions. 

TRACE ELEMENT REMOVAL FROM AQUEOUS SOLUTION BY 
HYDROUS METAL OXIDES 

R. M. Jorden 
Department of Civil and Environmental 

Engineering, University of Colorado, Boulder, Colorado 

Abstract 
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RAPID MEASUREMENT OF TOTAL NITROGEN AND NITROGEN 
15 IN SOIL GROUNDWATER AND PLANT TISSUES USING 

REDUCTIVE PYROLYSIS COUPLED WITH MASS SPECTROSCOPY 

J. A. Carter, J. R. Walton, D. R. Matthews, and R. I. Walker 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 

Abstract 

The introduction of isotopic materials has 
given scientist* a powerful method for re
search. Research on the environmental be
havior of nitrogenous materials with the aid 
of nitrogen isotopes include: (1) the sources 
of nitrate contamination of ground water, 
(2) role of nitrogen in eutrophication, 
(3) dynamics of nitrogen fertilizers. 
(4) nitrification and/or denitrification 
processes, (5) rates of biochemical cycling, 
(6) fate cf nitrogen oxides from internal com
bustion engines. Research of this nature re
quires the use of the stable nuclides of nitro
gen, nitrogen 14 and nitrogen 15 as tracers. 
The great advantage of stable isotopes is their 
permanency; they are invaluable for experi
ments which require considerable time for 
completion. Fortunately, the enriched iso
topes of nitrogen are now available in large 
quantities. An analytical system for mea
suring total nitrogen and its isotopic abundance 
in a variety of environmental samples has 
been developed. A reductive pyrolysis sys
tem and a directional focusing 6-inch gas 

mass spectrometer were combined into the 
analytical system. In the pyrolysis part of 
the system, nitrogen species are converted 
to ammonia with an atmosphere of hydrogen 
in the presence of a heated nickel catalyst. 
Five percent of the gas stream is split away 
for measuring total nitrogen by a conductivity 
detector. The ammonia is removed from the 
gas stream employing a cold finger reaction 
vessel. The hydrogen-free ammonia is de
composed thermally to nitrogen and hydrogen 
at 1000 degrees C employing a hot rhenium 
filament. The N2 produced from the decom
position is used for measuring the abundance 
of masses 28 and 29 by mass spectrometry. 
From this ratio, the nitrogen 15 atom frac
tion is calculated. Standard samples of nitro
gen 2, ammonia t orchard leaves and urea 
have been successfully analyzed to determine 
isotopic compositions. Samples containing as 
little as 20 microgram of total nitrogen can be 
analyzed by this system. Three samples may 
be completed per hour using three reaction 
vessels. 
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LEAD-TANNIN COMPLEXES LEACHING FROM A SMELTER 
CONTAMINATED FORESTED WATERSHED 

F. A. Bondietti and E. Bolter 
Environmental Sciences Division, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee 

Abstract 

Delineating trace contaminant chemistry 
in soils is of importance in understanding the 
abiotic transfers of contaminants in ecosystems. 
Water-soluble organic acids and polyphenols 
have been implicated in the mobilization and 
transport of iron and aluminum in soils de
veloping under forest-type vegetation. Oak 
species have been particularly noted as a 
source of water-soluble complexing agentB 
which enhance transition metal mobility in 
so i l s . Consequently, such organo-metallic 
complexes appeared likely to be important in 
the transport of the trace metal contamination 
of a predominantly oak-pine watershed lo
cated in southeastern Missouri by a lead 
smelter operation. Laboratory studies under 
way at ORNL and the University of Missouri, 
Rolla, have shown that deionized water 
leachates of smelter-contaminated litter 
(3700 ppm lead) contain significant amounts of 
organically complexed lead (0.2-0.8 mill igrams 
per liter) and copper {0.1-0.2 milligrams per 
l iter) . Zinc is only slightly complexed by the 
tannin-like substances lea enable from the con
taminated litter. Cadmium appears present 
largely in uncomplexed forms. Specific-ion 

electrodes, synthetic ion exchange, and 
chelating res ins , as well as soil collected 
from the contaminated watershed, were used 
to study the nature of the complexed metals . 
Copper appears to be the most mobile, fol
lowed by lead. Because of the low soil pH 
(4.4), zinc and cadmium appear to behave 
largely as uncomplexed cations when the 
leachates were equilibrated with soi l . Treat
ment of the litter leachates with H202 destroys 
the mobile nature of copper and lead. Satura
tion extracts of soil taken about 1 mile from 
the smelter contain appreciable quantities of 
the yellow-colored organic acids. These ex
tracts from complexes with copper and lead, 
verifying the presence in both soil and litter, 
of potential lead and copper carr iers . The 
importance of these substances in lead mo
bility in the watershed requires further on-
site evaluation, but it appears that soil ad
sorption parameters required for application 
of a "unified transport model" simulation for 
trace elements to this ecosystem may be quite 
different from that predicted based on simple 
cation-soil interactions. 
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THE DISTRIBUTION AND DYNAMICS OF TRACE ELEMENTS 
FROM URBAN INDUSTRIAL FALLOUT IN A CLOSED AQUATIC ECOSYSTEM 

A. W. Mcintosh and T. Peyton 
Department of Blonucleonics, Purdue University 

Lafayette* Indiana 

Abstract Abstract 

Distribution of aerially-deposited trace 
metals , including cadmium* lead, zinc, and 
iron, was investigated in a man-made aquatic 
ecosystem. The s i te , a borrow pit formed in 
Gary, Indiana during construction of the 
Indiana Toll Road in 1954, is ideally situated 
to receive both automotive and industrial 
emiss ions . A control pond was located in a 
rural area 90 miles south of the borrow pit. 
Floating funnel traps were placed onto the 
surfaces of both systems to collect aerially-
deposited substances. Metal deposition rates 
(mg/m squared/mo) were significantly greater 
at the urban s i te . Estimates of the weight of 
metals deposited over the 19-year life of the 
borrow pit ranged from 0.91 kg cadmium to 
6437 kg of iron. Elevated sediment metal 
concentrations were noted in the borrow pit. 
Average levels in the upper 5 cm of core 
samples (dry-weight basis) were 1.82 ppm 
cadmium; 354 ppm lead, 481 ppm zinc, and 

40,500 ppm iron; corresponding concentra
tions in the control pond were less than 0,2 
ppm cadmium, 5 ppm lead, 25 ppm zinc, and 
6,300 ppm iron. Vertical distribution of 
metals within the sediment was fairly uniform 
throughout the top 5 cm; then decreases with 
depth occurred until the Bediment-aand inter
face was reached. Metal levels in water 
samples were low; cadmium concentrations 
were generally ieBS than 1 ppb. Significant 
release of all metals from sediment into 
overlying waters occurred during summer 
stagnation. It is doubtful that these metals 
were available for biological uptake. Bio
logical samples contained background or 
only moderately elevated metal leve ls . Con
centrations noted in fish muscle t issue (wet-
weight basis) were 0.037 ppm cadmium and 
0.103 ppm lead for bluegills and 0.025 ppm 
cadmium and 0.116 ppm lead for largemouth 
bass . 

GEOCHEMICAL CYCLES AND BUDGETS OF ARt^NIC IN 
PUGET SOUND AND LAKE WASHINGTON 

R. Carpenter and E. A. Crecelius 
Department of Oceanography, University of 

Washington, Seattle, Washington 

Abstract Abstract 

A first order budget of arsenic fluxes 
through Puget Sound has been constructed by 
estimating arsenic input rates from the in
coming sea water, river water, atmospheric 
precipitation, the liquid effluent of the Tacoma 
smelter , and the sewage and industrial dis
charges of Seattle. Arsenic removal rates due 
to sedimentation and to discharge of surface 
sea waters flowing out of the Sound have also 
been estimated. The aim is to determine the 
rate of movement of arsenic through the four 
Puget Sound subregions and the ultimate fate 
of both natural and anthropogenic arsenic in
troduced into Puget Sound. This information 
is needed to be able to predict the concentra
tions of arsenic with time in different parts of 

Puget Sound, given various natural and 
anthropogenic inputs at different places around 
the Sound. The natural distribution of arsenic 
in the sediments and waters of Puget Sound is 
modified by a large copper smelter which re
leases approximately 300 tons per year oi 
arsenic to the atmosphere in stack duBt. A 
budget of arsenic fluxes for Lake Washington 
shows that this smelter stack dust is a major 
contributor oi arsenic to the lake, located 
Borne 35 kilometers downwind. A major re
moval mechanism for arsenic in Lake 
Washington i s by coprecipitation with an un
usual hydrous iron/manganeBe oxide solid 
which forms during summer by either bacterial 
or inorganic processes . 
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EFFECTS OF MOISTURE AND MANURE UPON GASEOUS CONCENTRATIONS 
OF NITROUS OXIDE IN SOILS* 

D. D. Focht, N. R. FeCter, W. Lonkerd, L, H. Stolzy 
University of California 

Riverside, California 

Abstract 

Nitrous oxide concentrations in soil 
gases were sampled at 20, 30, 60, and SO cm 
depths over a 70 day period following an 
irrigation. Four plots from a Holtville clay 
had previously been treated with manure over 
a three year period as follows: 1) untreated, 
2) 45 metric tons/hectare/year for 3 years, 
3) 180 T/ha/yr for 3 years, 4) 360 T/ha/yr 
for the first year and none thereafter. 
Nitrous oxide concentrations were greatest 
about one to two weeks after irrigation, 
following about a one week lag period after 
the soils had been saturated and began to 
drain. Nitrous oxide concentrations in all 
the plots were the highest at all depths 
when the soil moisture was between 5-20 cbar. 
Low concentrations of NoO (near ambient) at 
saturation were attributed to a faster rate 
of reduction of N2O to N2 by bacterial action, 
while low concentrations beyond 20 centibar 
(cb) were attributed to inhibition of denitri-
fication by diffusion of oxygen. Nitrous 
oxide and C0 2 concentrations were highest in 
the two treatments receiving manure for a 
3 year period. Gaseous oxygen concentrations 
never fell below 14% in any of the samples 
despite the occurrence of denitrification. 
This finding supports the soil microsite 
concept that aerobic and anaerobic reactions 
can occur in very close proximity to one 
another. 

Introduction 

The occurrence of nitrous oxide in soils 
is qualitative proof for the occurrence of 
bacterial denitrification. Quantitatively, 
the significance of N2O remains obscure 
largely because it may be further reduced to 
N2> Thus* low concentrations of nitrous 
oxide may be indicative of eithti- slow 
reduction of nitrate or rapid reduction of 
N 20 during denitrification. Nommik (1) 

Work supported by the National Science 
Foundation, RANN Project GI-34733. 

and Wijler and Delwiche (2) observed that 
N 20 concentrations were lowest in soils 
amended with exogenous organic matter even 
though denitrification rates were highest. 
Focht (3) postulated that available carbon 
had a proportionally greater effect upon the 
rate of N 20 oxide reduction than upon its 
rate of formation from NOZ. Burford and 
Stefanson (4) concluded that the diffusive 
loss of N 20 from soil was related directly 
to the soil-water status, yet were unable to 
accurately measure losses of NoO because of 
insufficient data relating to diffusion 
coefficients and solubility changes with pH 
and temperature. Stefanson (5) showed that 
the ratio of N 2:N 20 gases evolved from 1 5N03 
varied from 0.06:1 to 6:1 depending on the 
soil water potential. The study which 
follows was undertaken to determine the 
effects of soil-water suction and organic 
nitrogen additions upon the gaseous concen
tration of N 20 at various depths in the soil. 

Method and Materials 

The plots used in this study (12.2 m by 
12.2 m each) were situated on a calcareous 
Holtville clay located at the Imperial Valley 
Conservation Research Center in Brawley, 
California. The four plots under study had 
the following three year history of manure 
additions: (1) none, (2) 45 metric tons per 
hectare per year, (3) 180 T/ha/yr, (4) 360 
T/ha/yr added the first year with no addi
tions the following two years. The plots 
were instrumented at the end of the 3rd year, 
after the growing season, with probes for 
collection of gas samples (6) and with 
tensiometers to measure soil suction. Samples 
and tensiometer readings were taken four days 
prior to irrigation and at 2,4,9,17,23,37,43, 
52,57, and 70 days thereafter. Gas samples 
were withdrawn in 5 ml gas-tight syringes., 
and the needles were plunged into rubber 
stoppers to eliminate gas leakage. N 20 was 



sampled separately from CO2 and O2- Samples 
for NjO analyses were drawn through a 2.5 ml 
cartridge containing ABcarite to eliminate 
interference of CO2 Partial pressure 
changes resulting f im CO2 removal were 
insignificant in calculating N2O concentra
tions. The gases were transported 100 miles 
to Riverside where they were analyzed the 
following day for K 0, C0 2, and O2 on a 
Finnigan 3100 gas c rornatograph-mass 
spectrometer. Each of the three gases was 
determined separately by injecting the entire 
5 ml for N 20 determination and half (2.5 ml) 
from the syringe for GO2 and 0j through a 
septum into a gas s mpling valve equipped 
with a 2 ml sample oop. A stainless steel 
column (54,5 x 0.3H cm) packed with 
Porapack Q (50-80 nesh) was used for 
analysis of N5O atic C0% and was maintained 
at a temperature of 25 C and a helium carrier 
gas flow race of 35 ml/min. The retention 
times of CO2 and N2O under these conditions 
were approximately 6 and 8 minutes, respec
tively. Samples were compared with known 
standards and calculated by integrating tho 
peak area response on a chart recorder with 
a planimeter. The total ion current produced 
in the mass spectre neter at m/e 44, the 
parent ion for N 2 0 and C02» was used as the 
detector. Nitrous oxide concentrations as 
low as 0.1 ppm (v/v) could be detected by 
this method. O2 concentrations were deter
mined from the other half of the remaining 
gas sample used for C0 2 analysis. G.C.-M.S. 
conditions describ d previously were used 
except chat the total ion current was moni
tored at m/e 32, and a column packed with 
50-80 mesh 5-A molecular sieve was used. 

Results 

A representati -e sequence of events is 
shown in Fig. 1 fee the 60 cm depth in the 
control and in th. 45 T/ha/yr manure treat
ment. A rapid dro. in suction occurred within 
2 days after irri ition. Nitrous oxide 
concentrations, h vever, did not rsach a peak 
until about one t- two weeks from the onset 
of irrigation, at which time, soil suction 
increased. Oxygen concentrations remained 
high throughout the experiment and never 
fell below 14%. This sequence was similar 
in the 180 T/ha/yr and in the 360 T/ha/yr 
treatments except that C0 2 concentrations 
were higher than all treatments in the former, 
while they were not much higher than the 
control in the latter. 

When all of the N2O concentrations are 
plotted separately for each treatment and 
distinguished for each depth as a function 
of suction (Fig. 2), it is apparent that 
N2O concentrations are highest between 5-20 
cbar. The highest concentrations were 

DAYS RELATIVE TO IRRIGATION 

FIG. 1. Changes in O2, CO2, N2O and suction 
at 60 cm depths with time in an untreated 
soil and in one receiving 45 T/ha/yr. 

observed at 60 and 80 cm and In the two plots 
receiving yearly additions of manure. 

Discussion 

The higher N2O concentrations observed 
in the 45 and IflO T/ha/yr treatments would be 
expected as a result of vigorous microbial 
activity whit.h is indicated by high C0 2 con
centrations and high levels of soluble carbon 
(B. D. Meeks, unpublished data). Tho low 
concentrations of ^ 0 observed above 20 cb 
reflects inhibition of denitrification. In 
laboratory studies. Pilot and Patrick (7) 
found that denitrification ceased between 
20 and 40 cb, depending on the soil type. 
As the aerated pore space increased, diffus
ion of oxygen into the soil plays a major 
role in inhibiting denitrification. 

Under saturated conditions (near 0 cb), 
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the result of the N2O being dissolved in 
the soil water and resulting in low concen
trations in the soil gas. The low initial 
concentrations of N 20 may also result from a 
larger fraction of nitrate being converted to 
N2 under the anaerobic conditions of high 
soil moisture and high liquid phase N 20 
concentrations. 

These data appear to support a model 
proposed by Focht (3) that N 20 concentrations 
in the soil gas phase would be greatest at 
about 12% (approx. 5-10 cb) of the total 
pore apace. Diffusion coefficients for N 20 
and rate constants for the microbial reduc
tion of nitrate to N 2 will have to be deter
mined, in lieu of ^H tracer studies, before 
an estimate can be made of the gaseous losses 
of nitrogen from soil. 
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FIG. 2. Gaseous N 20 concentrations as a 
function of suction in four plots at four 
depths each. 

maximum denitrification should occur since 
diffusion of oxygen would be moat restricted. 
However, an examination of Figure 2 shows low 
concentrations of N 20 at high levels of soil 
moisture. This apparent anomaly is probably 
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NITRATE MOVEMENT AND PLANT UPTAKE OF N TN A FIELD SOIL RECEIVING 15N-ENRICHED FERTILIZER* 

F. E. Broadbent and C. Krauter 
University of California 

Davis, California 

Abstract 
2 

A plot ot 13.9 • on Yolo fine sandy 
loam was fertilized^lth (NH.KSO, containing 
8.04 atom Z excess N at the rate of 112 kg 
N/hectara and planted first to wheat and then 
to corn. The-plot was surrounded by a buffer 
zone of 405 • which was created in identical 
fashion except that unlabeled fertilizer was 
used. Porous ceramic probes for measuring 
soil soisture tension and for extraction of 
soil solution were installed depths from 15jJo 
180 ca. Harvested crops were analyzed for N 
as were soil cores taken aft^r crop harvest. 

Nltnte-N concentrations in the soil sol
ution at 15 CM ranged from a maximum in March 
of 70 ppm, of which 39 ppm was derived from 
fertilizer, to a minimum of 0.2 ppm In July. 
The largest amount of fertilizer-derived NO -
N at 180 cm was 0.281 of that applied, con
tributing 0.36 ppm to the concentration at 
that depth. 

The wheat crop removed 32.3% of the fer
tilizer N and the corn crop utilized 22.8JS. 
Organic and inorganic N remaining in the soil 
after cropping represented 32.9% of the app
lied N, leaving 12.OX unaccounted for. The 
consistently low nitrate concentrations at 
180 cm suggest that this deficit was not due 
to leaching, and should be attributed to 
denltrlflcation. 

a complex and interrelated series of biochem
ical transformations In soils, it is possible 
to determine its origin by use of fertilizer 
materials labeled with the N isotope. If It 
is assumed that labeled nitrogen will be added 
at levels on the order of 100 kg/hectare to 
soil with an initial nitrogen content of 0.1Z, 
complete equilibration of the labeled N with 
soil N would result in an isotopic composition 
of about 0.41X I 5 u . This value is sufficient
ly different from the normal value of about 
0.362 to ensure two significant figures in 
calculations based upon the difference. In 
fact, 1 5 N in crops fertilized with labeled N 
and in nitrate found in the soil solution is 
usually much higher than would be expected if 
complete equilibration had occurred. Earlier 
work (1) has shown that Interchange between 
organic and inorganic N in soils is relatively 
slow. 

An additional advantage of the tracer 
procedure is the Improved accuracy in account
ing for gains and losses in the soil system. 
Since conventional analytical procedures are 
not sufficiently accurate to account for 
changes smaller than SO to 100 kg/ha, field 
estimates of denitrification losses are not 
attainable by these techniques. However, an 
accounting of N-labeled fertilizer added to 
the soil can be made within about 5 kg/ha, so 
that reasonable estimates of denitrification 
losses are possible. 

Introduction Procedure 

tn dealing with the question of nitrate 
as a trace contaminant it is Important to det
ermine the origin of nitrate which moves 
downward in soil profiles and which potent
ially may contaminate ground or surface 
waters. That quantity of nitrate derived from 
added fertilizer which escapes the root zone 
is in principle subject to some degree of con
trol by fertilizer management. On the other 
hand, nitrate resulting from decomposition of 
•oil organic matter is much less subject to 
regulation by management practices. 

Although nitrate is the end product of 

H.5kdltf«!rcf,nt''ci=«7M* S i l * » " 

A plot of 13.9 tn area on Yolo fine sandy 
loam was instrumented by placing porous cer
amic suction probes at depths IS, 30, 60, 90, 
120, ISO and 180 cm. TheBe were connected to 
collection vials by means of fine dlamett-
plastic tubing and were used for extraction 
of samples of soil solution by application of 
vacuum. After collection samples were anal
yzed for ammonium and nitrate N and their 
isotopic composition determined in a mass 
spectrometer. Additional probes of identical 
deBlgn were connected to mercury manometers 
for measurement of soil moisture tension. It 
was assumed that the measured tension wss rep
resentative of the soil 15 cm above and 15 cm 
below the probe. On the basis of calibration 
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curves of soil moisture tension vs. moisture 
content prepared by LaRue (2) It was possible 
to monitor the water content of the soil down 
to 195 cm throughout the growing season. 

The plot was fertilized with (NH^SO^ 
containing 8.04 atom % excess 1 5 N at a rate 
equivalent to 112 kg/ha. The fertilizer was 
worked into the soil surface and a crop of 
wheat planted Immediately thereafter. The 
crop was Irrigated by means of a sprinkler 
system which waa turned on whenever the aoll 
moisture tension at any depth reached 0.85 
bar. The wheat was planted February 23, 1973 
and harvested Hay 2 prior to complete 
maturity. After harvest soil core samples 
were taken at IS cm intervals down to 180 cm 
and analyzed for organic and Inorganic N and 
the iSfl content determined. A corn crop was 
planted Hay 5 without additional fertilizer 
and harvested August 24. Another series of 
soil cores were obtained after corn harvest. 

Results and Discussion 

Tolol 
From fert i l iztr 

I MAR I APR I MAY I JUN I JUL I 

FIG. 2. Nitrate concentrations in soil sol
ution samples at depths 120 to 180 cm during 
the growing season. 

Nitrate In the Soil Solution: Concentrations 
of nitrate In samples ot soil solution taken 
at various depths during the period of crop 
growth are shown in Figures 1 and 2. 

From 
fertilizer 

FIG. 1. Nitrate concentrations in soil sol
ution samples at depths 15 to 90 cm during 
the growing season. 

As expected, relatively high concentrations 
were observed at 15 and 30 cm depths early 
in the season, with labeled N from the added 
fertilizer contributing significantly to these 
concentrations. The dashed lines st these two 
depths indicate a period when the moisture 
content of the soil was too low to obtain a 
sample of soil solution. Nitrate concentrat
ions declined sharply during June, a period of 
rapid corn growth, at all depths above 150 cm 
and In July a similar trend at 150 and 180 cm 
indicated extension of the root »ystem into 
these layers of soil. At 120 cm and below the 
concentration of fertilizer-derived nitrate 
was barely detectable, indicating very little 
leaching within the profile. It will be noted 
that the total nitrate concentration at these 
depths was near or above the 20 ppm level con
sidered hazardous for drinking water during 
much of the season, but the potential for con
tamination of groundwater was eliminated by 
the presence of a deep-rooted crop. After 
harvest, however, these nitrate levels could 
easily be regained by mineralization of organ
ic nitrogen. 

Distribution of fertilizer-derived nitrate 
as a function of depth, expressed as a marcen-
tage of the total applied, Is shown in Figures 
3 and 4. For a short period In March about 
28% of the labeled N was present in the 0-22.5 
cm layer of aoll, falling to about half this 
amount in April. At no time did a signifi
cant quantity of this nitrogen reach the 45-75 
cm layer. A small pulse of labeled N waa ob
served at 75-105 cm (note the expanded scale 
in Figure 4) but only negligible values were 
found below this depth. Data arc shown only 
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TABLE 1. Crop yield and uptake of 
fertilizer nitrogen. 

I MAR I APR I MAY I J U N I 
FIG. 3. Distribution of fertilizer-derived 
nitrate a* a function of depth, 0-75 en. 

I MAR I APR I MAY I JUN I 

FIG. 4. Distribution of fertilizer-derived 
nitrate as a function of depth, 75-135 en. 

Crop Removal; Yield and nitrogen uptake of the 
tin crops arc shewn In Table 1. fertilizer 
utilization efficiency of the combined crops, 
55.1Z, is within the normal ranee as shown by 
comparison with other reports (3, 4). Of the 
remaining 45Z relatively little was in a form 
subject to leaching as evidenced by the very 
low nitrate concentrations In the soil solu
tion discussed previously. 

Crop Yield, 
kg/ha 

t of fertilizer 
N in crop 

Wheat 
Corn 

2818 
16358 

32.3 
22.8 

Residual Soil Nltroe.cn: A substantial part 
of the labeled N was present In the soil or
ganic fraction of the upper 30 en of soil at 
the tine the wheat crop was removed (Figure 
5), with 2-3Z of the applied N remaining In 
the Inorganic form. 

% OF APPLIED N IN SOIL 
0 2 4 6 8 10 12 14 

norgonic N 

| | Orgonic N 

Residual Fertilizer N 
After Wheal Crop 

FIG. 5. Distribution of organic and inor
ganic N derived from added fertilizer at the 
tine of wheat harvest. 

Presumably such of the organic N was present 
In the form of roots. After the corn har
vest the residual inorganic N had largely 
disappeared (Figure 6), but a considerable 
quantity of organic N remained. Remlneral-
ization of this nitrogen has been shown to 
be a slow process, with progressive stabil
ization over a long period of time (5). 
The presence of 29.6Z of the fertilizer N 
in the organic form at the and of the growing 
season Illustrates the difficulty of relating 
fertilizer Inputs to the concentration of ni
trate deep in the soil profile. Since much of 
the input N is converted to a stsble organic 
form a long time, possibly several decedes, 
may elapse before this reappears In the form 
of nitrate. 

Denltrlficatlon Losses: An accounting of lsb-

http://Nltroe.cn
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eled nitrogen given In Table 2 shows a deficit 
of 12.OZ which Is attributed to denltrlfica-
tion In the absence of any evidence of leach-
lag. 

% OF APPLIED N IN SOIL 
0 2 4 6 8 10 12 14 
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fjggjjgjl Inorganic N 

| | Organic N 

Residual Ftrtiliztr N 
Alter Corn Crop 

FIG. 6. Distribution of organic and inorganic 
N derived fro* added fertilizer at the time 
of corn harvest. 

TABLE 2. Balance sheet of labeled H 
at end of crop season 

% of N Applied 

Reaoved In wheat crop 32.3 
Reaoved in corn crop 22.8 
Inorganic N In soil 3.3 
Organic H in soil 29.6 
Not accounted for 12.0 

losses. This estlaate is conparable to values 
reported .In tracer experiments conducted In 
greenhouse pots or small lyslmeters (6, 7). 
Careful watering procedure to avoid excess 
water probably alnlalzed the denitrlficatlon 
loss. However It is significant that sone 
denitrlflcatlon occurred even with careful 
aanageaent. At the present tine the use of 
"N-enriched fertilizer is the nost accurate 
procedure for estiaating such losses in field 
experiaents. 
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FQLUUTIGK IN SURFACE WMfcHS M© USE OF NTEKXIN FERTILIZER* 

R. Klepper and 6. Commoner 
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Abstract 

Two Studies investigate the relationship 
between the rate of application of nitrogen , 
fertilizer and nitrate concentration in agri
cultural drainage water in Illinois to illu
minate the consequences of policies aimed at 
controlling the movement of nitrate from the 
soil to water. The first uses watersheds of 
Illinois as the unit of analysis and finds 
limits on the application rate of nitrogen 
fertilizer to corn that will meet the 10 ppm 
Public Health Service standard in the spring 
for various probabilities of exceeding the 
water quality standard. Controls would be re
quired for some areas of northern and central 
Illinois. No controls are necessary in south
ern Illinois. The controls result in rela
tively small decreases in com production and 
gross farm income. The second study is in 
progress and investigates the nitrogen fer
tilizer-water quality relationship across tri
butaries of one Illinois watershed in the 
east central region. Estimates of the economic 
efficiency of nitrogen fertilizer use will be 
made as a means of assessing the potentie. for 
policy that would persuade farmers using great
er than optimal applications to decrease their 
use of fertilizer. 

Introduction 

We have engaged in two studies to test the 
relationship between the rate of application 
of nitrogen fertilizer and nitrate concentra
tions in agricultural drainage water in 
Illinois for the purpose of investigating some 
policies that might be used to reduce the nit
rate in surface waters of the Corn Belt. Che 
first estimates a relationship between fert
ilizer use and water quality using watersheds 
of Illinois as the unit of analysis. The 
relationship is used to estimate limits on 
nitrogen applications to corn that will meet 
a 10 ppu nitrate nitrogen standard and some 
economic effects of controls. The second 
study is in progress and uses survey data on 
nitrogen fertilizer use in tributaries of the 

•Work supported by RANN and the Illinois 
Institute for Environmental Qaulity. 

Sangamon watershed of Illinois to test the 
relationship between fertilizer use and water 
quality. We will also investigate the econ
omic efficiency of nitrogen use as a means of 
analyzing the potential for a policy of per
suasion that would lead farmers applying 
nitrogen at rates above the economic optimum 
to reduce their use. 

A number of tests have been conducted of 
the relationship between nitrogen fertilizer 
use and nitrates in drainage water (see re
ference (1) for a survey of the literature), 
but only one study is based on historical data 
similar to those used in the first project 
discussed below (3). The work reported here 
utilizes improved estimates of nitrogen 
fertilizer use and a more accurate specifica
tion of the relationship ̂ between' nitrate in 
drainage water and various explanatory 
variables. It is also the first study to 
encorporate uncertainty in the relationship 
between the nitrogen fertilizer use and 
nitrate concentrations in drainage water into 
.a formulation of policy measures for control. 

The first study was conducted for the 
Illinois Institute for Environmental Quality 
(1). It uses multiple regression as the 
primary tool of analysis with watersheds as 
the unit of observation in order to find a 
relationship between nitrogen fertilizer 
applications and nitrate nitrogen concentra
tions in surface waters. The study relies 
entirely on historical data — that is, 
data collected by various federal, state, and 
private organizations in the past. Conse
quently, the data limit to some extent the 
questions addressed, the choice of analytical 
techniques, and occasionally the confidence 
in conclusions. 

We used observations on nitrate nitrogen 
concentration in Illinois streams in the 
April-June period as the dependent variable. 
The April-June period was chosen because it 
is the time of elevated nitrate concentra
tions in Illinois streams. 

Data were collected for direct and indirect 
measures of major sources of nitrate 
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in Illinois streams. Estimates of nitrogen 
fertilizer use were made for watersheds of 
Illinois. The fraction of watershed acreage 
planted to row crops (corn and soybeans) was 
used as a proxy variable for soil organic 
sources of nitrate since the net breakdown of 
soil organic nitrogen is greater under the 
soil conditions associated with row crops. 
Population variables were used as proxies for 
nitrates arising from industrial and human 
wastes, and livestock inventories served as a 
proxy for this source of nitrate. 

Ne also tested the explanatory power of 
environmental variables that might affect the 
'movement of nitrate from the soil to water. 
These included measures of various character
istics of topography, artificial drainage, 
and hydrology such as the slope of the land, 
the fraction of cropped acreage drained by 
tiles or ditches, and stream flow. 

A statistical test was conducted of the 
relative explanatory power of two alternative 
hypotheses for variations in nitrates in 
surface waters of the Corn Belt. One is that 
nitrate originates chiefly from applied ferti
lizer. The other is that nitrate derives 
largely from the mineralization of soil 
organic matter which is increased when land 
is planted to row crops, tiue to multicollin-
earity problems that result from intercorrela-
tion of the fertilizer use and the soil 
nitrogen proxy variable, the results are some
what ambiguous. But the fertilizer variable 
does have greater predictive power than the 
soil nitrogen proxy variable in recent years, 
196B through 1972. From this result we pro
ceeded by using the fertilizer variable as the 
primary agricultural source of nitrates in 
Illinois streams in our analysis. 

The following predictive equation for 
nitrate concentrations in Illinois watersheds 
was estimated using multiple regression on 
pooled cross section data for 1969, 1970, and 
1971 (time series analysis is possible for 
only a few watersheds): 
(1) NQ • 0.33 +5.49xl0"5*NF3 

(0.66x10"5) 
+1.19xl0"5*NF3 • fU> 
(0.20xl0-5) 

+ 0.0046* UP0P 
(0.0022) 
R 2 • 0.59 n = 198 
where Wq is observations on nitrate nitrogen 
concentrations in the April-June period, 
NF is estimated nitrogen fertilizer applica
tion per watershed acre in the previous crop 
year, FLO is the average daily discharge rate 
for the April-June period divided by a yearly 
average daily discharge rate over 10 to 30 
past years, and UPOP is urban population per 

square mile in 1969. The numbers in paren
theses are standard errors, and the asterisks 
denote coefficients significant at the 5% 
level. A nonlinear functional form corresponds 
with our apriori expectations — the deminish-
ing yield response of corn to nitrogen suggests 
that more nitrate is available for leaching at 
higher nitrogen fertilizer application rates, 
and corn and soybeans (row crops) are planted 
on better land with higher soil organic con
tent and, therefore, higher potential for 
mineralization and leaching of nitrate which 
also suggests a nonlinear relationship. Live
stock inventory variables which were used as 
proxies for animal sources of nitrate were not 
included in the predictive equation after per
forming poorly in other regression equations. 

Controls in the form of limits on nitrogen 
fertilizer applications to corn were estimated 
in the following way. First equation (1) and 
an equation for the upper bound of the con
fidence interval for predictions based on 
equation (1) were solved simultaneously for 
the average application of nitrogen fertilizer 
per watershed acre and the average nitrate 
nitrogen concentration given: (a) the upper 
bound on the confidence interval equal to 
10 ppn, the Public Health Service standard, 
(b) a relative stream flow of 1.5 which is 
the long term (1946-1971) mean for all the 
watersheds entering our analysis, (c) urban 
population density of 25 per square mile which 
is the 1969 median for the watersheds on which 
the 1969-71 regressions were run, and (d) an 
arbitrary value for the probability that 10 
ppm will be exceeded. Me assumed that all 
nitrogen fertilizer is applied to corn (about 
90% is applied to com in Illinois). Then, 
average nitrogen fertilizer use per watershed 
acre was converted to average nitrogen fertil
izer use per corn acre by means of the ratio 
of corn acreage to watershed acreage in any 
given area. Finally, with 1971 data on the 
estimated distribution of nitrogen fertilizer 
application rates to corn for five regions of 
Illinois from the Doane Agricultural Service 
and the assumption that farmers applying 
nitrogen at rates above the limit move to the 
limit and those below the limit do not change 
their practice, we determined the limit on 
nitrogen use per corn acre that would bring 
average use to the desired level in each of 
the five regions of the state. This procedure 
was repeated for a range of probabilities of 
exceeding 10 ppm. See Table 1. As one would 
expect, controls in each region become con
siderably more restrictive the lower the pro
bability that the 10 ppm standard will be 
exceeded. 

Only east central Illinois requires con
trols at the fraction of land area planted to 
corn in 1971 if controls are differentiated 
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by regions. The fraction of land planted to 
corn was 31% in the north, 36% in the west 
central region, 29% in east central Illinois, 
21% in the southwest, and 16% in the southeast. 

However, if one is willing to assume that 
the distribution of nitrogen fertilizer appli
cation rates for a region holds for smaller 
areas within that region, then a number of 
areas in the northern and both central regions 
would require controls if controls are differ
entiated by watersheds or counties. Since 
controls are not indicated for the southern 
regions or watersheds and counties within 
them, data for these regions are not reported 
in the remainder of this paper. 

We have estimated several dimensions of 
the economic effects of the limits on nitrogen 
fertilizer use shown in Table 1. We deal only 
with private costs to farmers; our analysis 
does not include the enforcement or administra
tive costs of controls. The estimates are 
based on the 1971 distribution of nitrogen 
fertilizer use rates, 1971 corn and fertilizer 
prices, and the strong assumption of unchang
ing corn acreage and price under controls. 
The latter assumptions are made tenable by the 
recent work of Taylor and Swanson whose spatial 
linear programming analysis of statewide con
trols on nitrogen use in Illinois shows little 
change in corn acreage and price for controls 
rfjwn to and including 100 pounds per acre (4). 

Table 2 shows the percentage of farms 
affected by the estimated limits for the 
north, west central, and east central regions 
of Illinois. The estimated percentage 
changes in corn output for the three regions 
are presented in Table 3. 

Table 4 shows the estimated percentage 
decrease in nitrogen fertilizer use by regions 
for north, west central, and east central 
Illinois. The percentage decrease in corn 
output for any given cell of Table 3 is con
siderably less than the decrease in nitrogen 
use in the corresponding cell of Table 4. 
This results from the marginally diminishing 
yield response of corn to nitrogen and the 
fact that limits on nitrogen use in this 
analysis are at relatively high levels of 
nitrogen application, Hence, the change in 
yield response is small. 

The estimated percentage decrease in gross 
farm income per affected farm, due to limits 
on nitrogen fertilizer use for the three 
regions of Illinois, are presented in Table 5. 

Finally, Table 6 presents crude estimates 
of the change in net farm income per affected 
farm which is the change in gross farm income 
per affected farm less the product of the 

change in nitrogen fertilizer use per affected 
farm and the 1971 price of nitrogen (five 
cents per pound). At the right hand margins 
of the table which correspond to relatively 
high values for the limit, the estimated 
change in net income is frequently positive 
which suggests that some farmers using high 
nitrogen application rates were inefficient in 
their use of nitrogen fertilizer at the prices 
for corn and nitrogen prevailing in 1971, 

II 
The second study is in progress, and only 

the outline of the work will be dealt with 
here. It is based on survey data collected 
from farmers in the upper Sangamon watershed 
in east central Illinois in the spring of 
1974. Nitrate nitrogen concentrations re
gularly exceed 10 ppm in the Sangamon in the 
spring, and it is the source of drinking water 
for a city of 100,000 people, Decatur. 

There are two major objectives in this 
work. The first is to test the relationship 
between fertilizer use and nitrate in surface 
waters using data not subject to the problems 
of the historical data in the study described 
above. The upper Sangamon is a relatively 
homogeneous area in terms of soil type and 
hydrology and has low concentrations of urban 
population and industry. At the same time 
there is considerable variation in the nitrate 
concentrations of its tributaries in the 
spring. 

The survey gathered data on agricultural 
practices including the use of nitrogeneous 
fertilizers for three crop years from 323 
farms in 16 subwatersheds which are tribut
aries of the Sangamon. Nitrate concentration 
data are available for most of these streams 
on a monthly basis going back to January 
1971. We will test the relationship between 
nitrogen fertilizer use and water quality 
across subwatersheds of the Sangamon. 

The second purpose of the study is to 
determine if farmers are using nitrogen 
fertilizer efficiently in an economic sense. 
There is some evidence of excessive use in 
the study discussed above, and there is 
similar evidence from other sources (3). We 
will investigate the extent of excessive use, 
if any, and the likely impact that a change 
to optimal use would have on water quality. 
Obviously, evidence of considerable non-
optimal use of nitrogen by farmers suggests 
a policy o?" education and persuasion of 
farmers that is in their own self interests 
and, hencta, relatively painless. 

The economic efficiency study will be 
accomplished by estimating a production 
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function for corn based on the survey data, 
deriving a demand function for nitrogen ferti
lizer from the production function and a pro
fit equation, and then using the price of 
corn and nitrogen fertilizer to determine 
optimal nitrogen fertilizer application rates. 

If the analysis shows farmers are deviating 
from optimum use rates, we will test for the 
shouces of this behavior in the demographic 
characteristics of farmers, farm size, and 
the sources of information farmers rely on 
for best fertilizer practice. 
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TRACE-ELEMENT CONTENT OF HAIR: VARUTION ALONG STRANDS AND AS A FUNCTION OF HAIR-MASH FREQUENCY 
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Department of Chemistry, The University of Michigan, Ann Arbor, Michigan 48104 

Abstract 
Although a number of factors could influ

ence the measured trace-element content of 
head hair, it appears that distance from the 
scalp and frequency of hair washing are two 
especially Important variables that must be 
considered when utilizing hair analysis data 
to evaluate the human exposure to trace ele
ments. 

For all elements tested, the hair content, 
in general. Increases in progressing outward 
from the scalpt the concentrations in the ex
treme distal portions of hair for some persons 
were observed to be up to 10 times and occa
sionally up to SO tine* greater than more 
proximal segments of hair. Some trace ele
ments, and sodium and chlorine in particular, 
exhibit length-content variation patterns 
which strongly implicate eccrin* sweat as a 
contributor to this variation. This hypothe
sis is further supported by hair analysis data 
for samples of hair from two sets of individ
uals whose hair-washing frequency differ by 
more than a factor of 10. The hair of infre
quent hair washers have statistically signifi
cant larger trace-element contents, with two 
important exceptions! Kg and Ca, trace ele
ments that would be "precipitated" from water 
during hair washing. 

These combined observations suggest that 
our initial analysis data for historical hair 
samples, which generally showed equal or high
er contents for older hair, should have been 
expected because of the lesser frequency of 
hair washing SO-200 years ago and the fact 
that the historical samples frequently repre
sent clippings of distal segments of hair. A 
qualitative reevaluation of these historical 
hair sample data, when compensated for these 
effects, would imply that the present day 
human exposure to many trace elements may ex
ceed that of a century ago. 

Introduction 
There are three major goal* of this study 

of the trace-element content of human scalp 
hair: 

I. To determine which factore and variables 
such as age, sex, hair color and physical 
characteristics must be taken Into account In 
evaluating the measured trace-element content 
of hair. 

II. To establish a pressnt-day baseline for 
the trace-element content of hair for the U.S. 
population. 

III. To determine the degree to which those 

who lived 50-200 years ago differed from those 
living today in their exposure to trace ele
ments . 

We heve previously described methods 
(neutron activation end flameless atomic ab
sorption) used to analyse 10-20 mg samples of 
hair for up to 40 trace elements (1-3). Vari
ous data have elso been given in these reports 
for the hair contents of selected homogeneous 
population groups: young men at the U.S. Naval 
and Air Force Academies end University of 
Michigan male freshmen. 

Freeented In this paper ere data we have 
recently obtained for two of the variables 
which appear to be especially Important In 
affecting the measured trace-element content 
of hair: frequency of hair washing and the 
variation of trace-element concentrations as a 
function of the distance from the scalp. In
formation on these two variables Is used to 
evaluate the significance of preliminary data 
for 48 historical hair samples dating between 
1850 and 1935. 

Frequency of Hair Washlnl 
Since the mld-60's, when considerable re

search was performed to aasess the degree to 
which trace-element analysis of hair can serve 
la forensic identification, it has been known 
that the simple act of washing a hair sample, 
even using distilled water, resulted In a de
crease in the content of some of the elements. 
This waa particularly true for the so-called 
labile elements: Na, K, CI, Br, etc. The con
tents of many other elements appeared only 
slightly affected, If at all, by any pre-anal-
ysis washing. Presumably, the keratin struc
ture of hair, with Its high sulfur content, 
was able to bind the heavier metals, almost 
all of which form very insoluble sulfides. 

It appeared to us that the hair donor'e 
pereonal hair washing habits could be an im
portant factor in affecting the measured trace 
element content of hair. The use of certain 
shampoos which contain Zn or Sa compounds ss 
active Ingredients could (and doea) result in 
enhanced measured lev lis of these elements (1-
3). Equally Important, It seemed, would be 
the frequency of hair washing and its possible 
relationship In reducing the trice-element 
content of hair. Therefore, lone rele-
ting to hair vaahing frequenc- . .ampooe used 
end frequency of use, ae well — frequency of 
swimming were asked of all present-day hair 
donore. 



246 

Anong the 1300 hair clippings we collected 
in 1971 from male University of Michigan fresh
men were some whose donors indicated on our 
questionnaire that they washed their hair twice 
a month or less. The majority of the donors 
noted a hair-washing frequency of at least 20 
times a month. Two groups of 12 hair samples 
each from these two extremes In hair-washing 
frequency ware aclected for analysis and those 
who stated that they waahed their hair infre
quently ware contacted to verify their ques
tionnaire reply. The hair samples were trimmed 
to remove approximately the last two cm of hair 
since, at noted in the next section, the distal 
segments frequently show much higher contents 
of almost all trace elements. 

Table 1. Geometric means* and analysis of var
iance comparison of trace-element contenta of 
12 frequent" end 12 infrequent0 hair waahers. 

Element Geometric Mean (ug/g) 
Frequent Infrequent +/-

AN0VA 
- fd 

Ka 
Mg 
Al 

22 
117 
5.9 

66 
74 
13.8 

+ 
0.001 
0.04 
0.0002 

CI 
Ca 
Ti 

400 
1100 

3.1 

1350 
500 
5.7 

+ 0.0003 
0.006 
0.02 

V 
Hn 
Co 

0.036 
0.44 
0.19 

0.094 
0.37 
0.13 

— 0.002 
N.S. 
N.S. 

Cu 
Zn 
Ca 

24 
167 
2.8 

32 
183 
5.7 

N.S. 
N.S. 
0.003 

Aa 
Se 
Br 

0.21 
0.76 
4.5 

0.3S 
0.80 
11.3 " 

0.04 
N.S. 
N.S. 

Sr 
Cd 
I 

2.2 
1.2 
0.71 

2.5 
1.4 
1.2 

N.S. 
N.S. 
0.02 

Ba 
Bg 
Pb 

1.3 
2.1 
3.1 

2.1 
3.1 
7.7 _ 

0.02 
N.S. 
0.002 

*Tba geometric mean la the antilog of the log-
h""*n-
20 or more times a month. 

JjTwlce a month or less. 
"Probability of the correlation being due to 
chance; e.g. 0.02 is 1 chance In 50. N.S. -
not significant and is given for P > 0.05. 
*P » 0.0005 (negative correlation) if data are 
excluded for students who recently swam in a 
broainated pool. 

Summarized in Table I are data obtained In 
the analysis of these two sets of samples (4). 
For 11 of the 21 elements, statistically sig
nificant higher contents were found for those 
who wsshed their hair less than twice a month. 

In addition, for the eight trace elements not 
showing a statistically significant difference, 
infrequent washers still had higher log-mean 
hair contents for six of these elements. Two 
important exceptions to this general trend are 
apparent: Ca and Mg, both of which are found 
in significantly higher amounts in clippings 
from those who wash their hair 20 times a month 
or more. Apparently these two trace elements, 
which contribute to water hardness, sre pre
cipitated onto the hair by aoaps and shampoos. 

Variation with Plstance from Scalp 
When single strands or bundles of 200 

strsnds of hair are cut into segments and ana
lysed, the general pattern of variation in 
content with distance from the scalp la one 
showing an Increase, especially toward the dis
tal segments. Examplae of some of the more 
pronounced variations are shovn In Fig. 1. 

300 

10 20 0 10 0 10 0 
cm from scslp 

Fig. 1. Variation in 2 cm segment bundles of 
about 200 hair strands from four University of 
Michigan students. 

The length-content vsriatlon pstterns for 
Ns and CI, which are prominent components in 
eccrlne sweat, are particularly interesting 
since most show a behavior similar to that of 
Fig. 2. High contents are frequently obaerved 
in both the proximal and dlatal segmente; the 
intermediate, medial segments usually exhibit 
s decline and then a rise in content in pro
gressing outward from the scalp. Normal hair 
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Tb 

Fig. 2. Variation in Na content in 2 cm segment 
bundles of about 200 hair strands for histori
cal hair sample and clippings from University 
of Michi£T» student. 

washing and shampooing apparently extract some, 
but not all, of the Ha and CI and these medial 
segments probably represent sets of equilibrium 
states between sweat production and hair wash
ing extraction. However, this equilibrium 
would be at least partially altered for the 
•ore distal segments which usually show a fair 
degree of mechanical damage In the form of cu
ticle loss, splitting of the hair strands, etc., 
thus allowing greater exposure of sweat (as 
well as exogeneous contaminants) to the inter
nal structure of the hair. 

Although external, air-borne contamination 
could produce a length-content variation in 
hair of the type seen In Fig. 1, it appears 
from the various data we have obtained that 
sweat (and sebaceous oils) probably plays an 
Important, If not prominent role in this ob-
aerved variation. As a result, during this lsst 
year we have asked present-day bair donors to 
provide us w5 h their own estimate of their 
degree of scalp sweating as well aa an assess
ment of the oiliness or dryness of their hair. 
To investigate further the effects of sweat on 
hair content, we are performing experiments 
whereby the proximal portions of hsir bundles 

are immersed for a few hours in approximately 
1 ml of scalp sweat from the hair donor. Anal
ysis of 2 cm segments of washed end unwashed 
hair of both untreated and sweat-immersed hair 
samples from the same individuals should allow 
assessing the degree to which sweat, and aeba-
ceous oils contribute to the measured trace-
element content of hair. In addition we are 
alao performing direct analyses of the trace-
element contenta of sweat samples. 

Although very few analyses for trace ele
ments in sweat are reported in the literature, 
and these papera are mostly concerned with the 
"electrolyte" content (mainly Na + and CI"), it 
is safe to assume that aweat can serve as one, 
perhaps Important,route whereby trace elements 
are given off by the body. However, we know of 
only two reporta that provide direct informa
tion on sweat-hair content relationships for 
humans. In a study of the arsenic content of 
hair and nails In acute arsenical poisoning, 
the authors stress that arsenic appeara in 
sweat soon after ingestion and that the sweat 
can carry the dissolved poison along the hair 
shafts where the arsenic can bind with the sul
fur in hair (5). The other study reports that 
within a few days after administration of clin
ical doses of 1 3 1 I to patients with malfunc
tioning thyroids, detectable amounts of radio
active iodine were found adsorbed onto scalp 
hair and that a non-ionic detergent wash was 
incapable of removing more than 60-70X of this 
«li (6). 

Historical Hair Samples 
A majority of the more than 2000 documen

ted historical hair samples we have collected 
over the past few years are clippings from fe
males. Since male and female hair may show 
Important differences in the levels of some 
elements, it is best to compare data on the 
basis of at least matched age and sex. Data 
for hair samples collected from 41 University 
of Michigan coeds served as an approximation 
of the preaent-day levels. As part of a pre
liminary study of historical hair, we prefer
entially selected for Analysis 46 samples of 
hair from females aged 12-40. 

Log-means (and standard deviations) were 
calculated for these data for 24 elements and 
are given in Table II. As noted before (2,3), 
many of the historical hair contents are high
er than those of modern hair. However, it must 
be stressed that hair washing was less fre
quent 50-100 years ago than It is today. In 
addition, many of the historical hair samples 
analysed In this preliminary study are clip
pings of distal segments of hair, which usual
ly have higher contents than other parts of 
the hair shafts. 

Both effects could easily account for the 
Na, K, Cr, Fe, As, Br, Ag, Sb, I, La, Au, and 
Hg data. The higher Kg and Ca data in modern 
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Table 11. Geometric mean* contents in yg/g for 24 trace elements in female0 scalp hair. 

Date when cut Ha Mg Al CI K Ca Sc Ti V Cr Fe Co 
D of M-1972 (H - 41) 16 298 20 238 9 2900 2.7 9.0 54 1.4 24 106 
1910-1935 (N - 27) 84 112 22 110 87 303 8.9 3.1 16 3.9 67 54 
1890-1910 (N - 11) 119 88 39 466 117 15.3 3.6 20 3.8 73 69 
Before 1890 (N - 10) 145 73 18 334 127 10.5 4.3 14 2.4 196 125 

Date when cut Ni Cu Zn As Se Br Ag Sb I La Au Hg 
U of M-1972 (N - 41) 6.3 21 148 0.04 0.54 2.2 0.7 84 0.6 43 41 2.8 
1910-1935 (N - 27) 4.0 11 216 1.2 0.62 2.9 0.7 507 1.4 380 120 1.6 
1890-1910 (N - 11) 2.5 12 141 1.5 0.47 2.6 779 1.9 530 220 1.8 
Before 1890 (M - 10) 3.1 13 109 2.5 0.62 14.8 5.4 476 1.3 580 120 3.5 

*Th« geometric mean is the antilog of the log-mean. Typical standard deviations of the ln-means 
are + 0.7-1.1. 
"Except for Sc, V, Co, Sb, La, and Au which are in units of ng/g. 
cAges when hair was clipped: U of M, 18-22; others, 12-40 years old. 

hair is probably a result of the precipitation 
of these elements onto hair during frequent 
hair washing. The higher CI content of modern 
hair, at lease in comparison with hair clipped 
between 1910 and 1935, is probably due to the 
U-H coeds swlmning in chlorinated pools. In 
those other cases where modern hair has higher 
contents: Tl, V, Hi, and Cu, there probably 
havebeen actual increases in the human expo
sure to these elements. Even for those ele
ments that show little difference between 
modern and historical hair, there probably 
have also been increases In exposure during 
the last 50-100 years since, as noted above, 
many of the historical hair samples are distal 
clippings which have aberrant, high contents. 
As a result, It may be that the Cr, Co, Zn, 
Se, and Hg exposures are also higher today 
and the same may also apply to many of the 
other elements. As more data are obtained on 
the significance of other variables that could 
affect the measured hair contents, ard as 
further length-content variation dat.; are ob
tained for additional samples and elements, it 
should be possible to suggest with more cer
tainty the degree to which the human exposure 
to trace elements has actually Increased in 
the last two centuries. 
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ISOTOPE SHIFT ZEEMAN TECHNIQUE FOR 
DETECTION OF ATOMS AW) MOLECULES* 

Tetauo Hadelahl 
Lawrence Berkeley Laboratory 

Onlveralty of California 
Berkeley, California 94720 

Abatract 
About 4 yeara ago, raaearchera at the Law

rence Berkeley Laboratory were encouraged to go 
Into environmental reaearch. Aa a remit, many 
methods, baaad on technlquea previously devel
oped, evolved that are proven to be of consid
erable value to environmental monitoring. Iso
tope shift Zeeman technique la only one of such 
developments at the Lawrence Berkeley Laboratory. 
This technique la basically an atomic absorption 
spectroscopy method. However, there la one basic 
difference which la unique to this Invention. 
IZAA (Isotope ahlft Zeeman effect Atonic Absorp
tion) technique la capable of detection of atomic 
elements directly from the host material without 
prior chemical treatment. A typical measurement 
time for most aamplea la 15 seconds and very sel
dom exceeds a minute. A brief explanation of the 
principle of IZAA and the operating chsracterls-
tlca will be preaented. 

The optical absorption croaa section for the 
resonance abaorption croas section for the res
onance absorption by atoms la proportional to 
the square of the wavelength. Because of the 
long wavelength In the optical region, aay from 
2000 to 10 000 K, the absorption cross section 
Is on the order of 1 0 ~ 1 0 cm 2. Thus, it is evi
dent that the atomic absorption technique is ex
tremely sensitive compared with other techniques 
such aa x-ray fluorescence and neutron activation. 
However, the conventional atomic absorption tech
nique la extremely susceptible to the background 
Interference. Many attempts ware made In the 
past to overcome this difficulty. The standard 
background correction la made by means of dual 
light beams; one of them is usually a selected 
portion of the continuum from a deuterium light 
source and the other from a spectral line source 
such as a hollow cathode. However, the very 
fact that two Independent light aources were used 
implies that It is not possible to have the same 
intensity for extended periods of time. Thus, 
when high sensitivity is required, it is not pos
sible to accurately balance the light Intensity 
from the two sources (whether the intensity is 
to bs balanced before the optical detector or 
after the detector by electrical means). The 
problem gets even more serious when a mechanical 
chopper Is used to alternately allow one or the 
other beam into the photodetector since it Is 
very difficult to keep the shape and direction 

of the two beams the sane. In the case of IZAA, 
two groups of vsvelengths, one to monitor the 
atomic vapor and the other to monitor the back
ground, are generated from the same light source 
and truly a single light beam containing two 
groups of wavelengths is used. Thus, this tech
nique offers Just about the beat possible condi
tion for the background correction. Figure 1 
illustrates the operating principle of Zeeman , 
effect atomic absorption spectroscopy technique. 
Figure 2 shows the relationship between the ab
sorption profile of naturally occurring mercury 
in one atmosphere of nitrogen (STP) and Zeeman 
triplets of mercury isotope 204 at 2537 A. The 
mercury spectrsl line is generated from the low 
pressure mercury electrodeless discharge in the 
magnetic field with almost no self-reversal. 
The it component is not shifted and Is polarized 
parallel to the magnetic field while the a com
ponents are shifted by the Zeeman effect by i-
gjS H/n from the ¥ component and both are polar
ized perpendicular to the magnetic field. Thus, 
the IT component is used to monitor the density 
of atomic vapor while the two a components are 
used to monitor the background due to scatter
ing from particulates (smoke) and absorption by 
molecular absorption band. Because of the polar
ization property associated with these Zeeman 
components, the if and o components can be selec
ted by a linear polarizer. At H j 15 kG, the 
shift in the wavelength is 0.065 A so that the 
background attenuation applies equally to all 
the Zeeman triplet. However, only the * com
ponent gets abaorbed by mercury vapor. Thua, 
by means of automatic gain control set in auch 
a way that the output of the photodetector for 
the slgma components is always constant, the 
accurate amount of mercury can be determined, 
since errors arising from scattering and molec
ular absorption can be accurately corrected. * 

In the actual Instrument, polarization selec
tion, hence, the wavelength selection, was made 
periodically by means of a magnetically actuated 
variable-phase retardation plate based on the 
photoelastlc effect. Figure 3 shows the oper
ating principle of the Instrument with the elec
tro-optical wavelength selection. The host 
material (sample) la vaporized thermally In the 
high temperature furnace In preaence of oxygen. 
The instrumental development went through the 
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uaual evolutionary atapa. Figure * shows th« 
ocltlaal •ercury detector oaad for illustrating 
Che principle of oparatlon; It la currently 
uaad by tba Eavlronmeatal Protection Agency In 
Laa Vegaa QUBC), Nevada. Figure 5 ahova tba 
•ore recent engineering prototype unit for field 
uae. He have uaad aarcury detection aa an exam-
ple. Ihla principle can be need for alaost any 
elleant. 

So far, we hava daacrlbad the ability of the 
IZAA technique to correct for background inter
ference. This la not aufflclent to aaaeure the 
aanwat of trace •lament accurately. In order to 
•ensure trace eleaente accurately, detection auat 
be Independent of matrix affect. Ihla aaaaa we 
auat be able to detect the aaount of the trace 
eleaaata of interest, regardlaee of the nature 
of the boat aaterlel. Thus, whether one la 
•ensuring from boat aaterlela which ere solids, 
liquids, biological saaplea, or gaseous ssaplaa, 
the aaount of trace elements detected Bust be 
Independent of the type of host material.. This 
Is accomplished by the design of the absorption 
furnace. Figure 6 above the beslc configuration 
of the the furnace used. A detailed aatheaati-
cal aodel describing tba operation of the furnace 
was aads. With the configuration of the furnace 
ebown la Fig. 6, it la evident that aa long as 
the additional flow rata due to the saaple evap
oration does not vary the flow rate of the car
rier gaa (usually oxygen), Matrix affects do not 
exist. This condition 1* easily satisfied by 
flowing a aufflctat anount of carrier gss. The 
matrix Independence was teeted by intercompari-
eon of the aatasureaaate aade by IZAA with other 
aethoda such aa wet chealatry, neutron activa
tion, and x-ray fluorescence. This Is shown in 
Table I for mercury. 

Figure 7 shows the llneality and the range 
of the Instrument for Hg. Figure 8 shows the 
reproducibility for various type of eaaples. 
Figure 9 illustrates the capability of the ln-
struaant for detection of aercury In hunan hair, 
urine, soil, and fish seat. The IZAA instrument 
In the latest form la capable of detecting Hg, 
Fb, Cd, and As. The very ssaje instrueant should 
be capable of detecting Sn, Bl, Se. The aaln 
lixdtatlon for ether eleaants is the teaperature 
range of the present furnace, which goes up to 
only 1700*C. However, with developaent of a 
higher teaperature furnace, aoat eleaants should 
be detectable. Also, a graphite rod atoalser 
which la coaaarclslly available can be used un
til e more setiafactory furnace la developed in 
the near future. 

We shell briefly describe the use of the 
IZAA technique for detection of aoleculee. Be
cause of the complex abaorption apactra of Mole
cules In the ultraviolet region, aost moleeuler 
detections era aade in the infrared region. How
ever, the photodetectlon problen in the infrared 

region is extremely severe because of low qusn-
tum efficiency and the thermal noiee. It is 
evident that If wa could find a way to detect 
molecules In the ultrevlolet region, the detec
tion problem could be greetly slsjpllfisd. In 
order to detect molecules in the ultraviolet 
region by using ths IZAA technique, we have 
treated the vibration band associated with the 
optical transition In the same way aa the ab
aorption U n a of atoms. In order to achieve e 
almllar background correction scheme used In 
etoalc detection by IZAA, we used the self-re
versal affect of the Ugbt source et the 
resonance lines. Consider, e.g. the 2980 A res-
onanca Una of Cd In a Magnetic field. Similar 
to the mercury resonance Una, we again hava the 
Zeenan triplet for the even Isotopes of Cd. If 
we let such a Una pass through s Cd absorption 
cell In sero magnetic field, the unshiftad w 
component im completely absorbed while all the 
o component pasa through, provided the magnetic 
field In the light source la sufficiently high. 
On the other hand, all of the non-resonant lines 
paaa through the Cd vanor cell. It ao happens 
thet the 2980 A line of Cd coincides almost ex
actly with one of the optical vibration band 
heada of SOz and the nonrasonant 3080 line lies 
between abaorption bands of 502. Thus, by 
switching o components of Cd st 2980 1 on and 
off by an electro-optical switch and using the 
3080 line as a reference monitor, wa hava exactly 
the aaaa condition as atomic detection using ths 
IZAA technique. There are many similar coinci
dences with other resonance lines of Cd aa well 
aa other resonance lines of Fb and As. By this 
technique and by the use of e folded mirror con
figuration to achieve a path length of about 10 
meters, about 10 ppb of S0 2 can ba detected. 
Also, this technique Is not limited to S02 but 
other molecules can be detected In a similar 
wey. At present, wa ere concentretlng our ef
forts on the detection of S0 2, CO, C0 2 and the 
identification of sulfates and nitrates. 

We believe that our reaeerch, which lad to 
the development of IZAA, has demonstrated that 
this technique could be quite universally used 
for the detection of many elements directly from 
the host material without the uaual requirement 
of chemical pratreatment. We also believe that 
wa have just touched the surface of the capabil
ity of this type of technique. As time progres
ses, it is possible that many exciting develop
ments for the detection and identification of 
molecules will result from this work. 
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TABLE 1. Comparison of isotope-shifted Zenman-effect technique to other conventional methods. 

Sample source 
and identification 

Lab where 
tasted 

Method uaad Their 
reaulta 
(pom) 

Our reeulta in 
- 10 sec 
(pom* 

National Bureau st Standards 
Reference No. 1571 
(orchard leavea) 

National Marine Fisheries Service 
Seattle. Washington 
Sample No. 614-1300 ) 
(fish protein concentrate) 

Sample No. 624-0400 1 
(fish protein concentrate) 
Sample No. 5-435 (wet cod) 

Spark source mass spectrometer, neutron 
activation, chemical analysis with atomic 
absorption 

Wet chemistry 

Wat chemistry 

Sample No. S-430 (wet halibut) 

Phoenix Member 
Gulf Atomic 
NMFS 

Phoenix Member 
Gulf Atomic 
NMFS 

National Caanere Association 
Aceton powder tuna (white meat) NCA 

University of California at Davis 
UCD control mere liver LBL 

LBL 

Nautron activation 
Neutron activation 
FDA method (wat chemistry) 

Neutron activation 
Neutron activation 
FDA method (wet chemistry) 

Wat chemistry 

x-ray fluorescence 
Neutron activation 

0.155*0.0(5 0.149* 
0.141* 

0.72 0.72*0.05 

0.59 0.53*0.01 

0.49 
0.48 

.48, 0.45, 0.58 
0.14*0.02 

0.12 
0.13 

10. 0.14. 0.09 

2.41 2.08*0.02 

12.0*2.0 10.0*0.3 

V. Andarlin*. private communication. The 0.149 result was obtained with freese-drled sample. 

aason'TioN 

Frequency in GHz 
XBL 7)1-105 

Fig- I Fig. 2 
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A STATISTICAL ANALYSIS AND COMPUTER DISPLAY OF THE DISTRIBUTION 
OF MOLYBDENUM BETWEEN ALPINE SOILS AND PLANTS* 

F. W. Briese 
University of Colorado Medical School 

Denver, Colorado 
and 

D. D. RunnelID and Eugenia Smith 
University of Colorado 

Boulder, Colorado 

ABSTTACT 

Mining and milling of molybdenum takes 
place on a large scale in the mountains of cen
tral Colorado. It is difficult to assess the 
impact of these activities on the ecosystem. 
One especially difficult problem is that of es
tablishing natural background levels in a re
gion after mining and milling have begun. As 
one appraoch to this problem, we have studied 
a mineralized, undisturbed molybdenum deposit 
in the alpine environment of south-central 
Colorado. 

We have investigated the transfer of mo
lybdenum from the soils above an undisturbed 
deposit of molybdenum to the plants which grow 
on those soils. Samples of soils and plants 
were collected at the intersection of 100-foot 
grid intervals. A total of 1080 data points 
were accumulated, each representing the content 
of molybdenum in a particular type of plant, 
together with either the total or extractable 
molybdenum from one of two depths in the soil. 

Statistical correlations were made for 
content of molybdenum in each type of plant 
against total and extractable molybdenum from 
each of the two depths in the soil. Graphical 
displays of the data points and regression 
lines were produced. Few significant corre
lations were discovered between content of mo
lybdenum in various types of plants and mo
lybdenum in the soil. Water-extractable molyb
denum was much lower than total molybdenum. 

Hand-drawn and computer-produced contour 
maps of total and extractable molybdenum con
centrations in soil are presented for compari
son. 

BACKGROUND AND PURPOSES 

Mining and milling of Mo presently takes 
place at two sites in central Colorado. It is 

*U'ork supported by NSF (RAN*N) Grant GI-348HX. 

difficult to assess the impact of these activ
ities on the ecosyBtem because of the lack of 
adequate information on natural background lev
els in the regions prior to the beginning of 
mining and milling operations. As one approach 
to this problem, we have determined background 
concentrations of Mo in an undisturbed area of 
Mo mineralization on Mt. Aetna in south-
central Colorado (Figure 1). This site lies 
about 20 miles west of Salida, Colorado at an 
elevation of 12,500 feet (Figure 1). It may 
be possible to use the background levels ob
served on Mt. Aetna as a basis of comparison 
for the other mountainous areas in Colorado 
which have already experienced mining and mil
ling operation. Samples from the site on Mt. 
Aetna show high concentrations of Mo in undis
turbed soils which overly the deposit. 

We have also studied a number of plants 
which grow on the soils overlying the Mt. 
Aetna deposit in order to learn something 
about the transfer of Mo from bedrock through 
the soil and into the plants growing on the 
soil. The soils in this alpine region are 
acid in nature (pH 4.5 - 5.5) and the amount 
of Ho available to the plants is less tnan 
would be expected in more alkaline soils.1 

METHODS 

A sampling grid with an interval of 50 
feet between grid lines was laid out over the 
exposed Mo mineralization in the alpine zone 
on Mt. Aetna. Samples of soils and plants 
were collected at the intersections of every 
other gridline, in other words, at 100-foot 
intervals. Eight different genera or families 
of plants were collected in adequate numbers 
for analysis. These plants were identified, 
dried at 70°C overnight, weighed, and then 
ashed at 450 °C and analyzed by x-ray fluores
cence methods. Splits of about 20% of the 
samples were checked by digestion and colori-
metric analysis. The concentrations of Mo in 
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these plants are expressed as parts per million 
(ppm) at 70°C dry weight. 

Soil samples were taken from two different 
depths at most sample sites. The upper two 
inches, arbitrarily called the A-horizont tend 
to be richer in organic materials than the soil 
samples from two to six inches in depth, which 
we called the B-horizon. Soil samples were 
sieved to <-)80 mesh (fine sand), fused with 
pyrosulfate, and analyzed by a modified colori-
metric thlocyanate procedure.2 The C-)80 mesh 
size was used because this is a standard size 
fraction generally used in geochemical pros
pecting. One of the secondary purposes of this 
study was to determine if the soils could be 
utilized in prospecting for Ho deposits in this 
type of environment. The results for these 
soils are expressed as parts per million of Ho 
on an air-dry basis. Most of the soil samples 
were split and one of the splits was sieved to 
(-)1.6 mm size. This coarser size was chosen 
because it more nearly approximates the BOII 
fraction of Interest in agriculture. This 
coarser-fraction was then extracted with hot 
water for 24 hours, using a soxhlet reflux ap
paratus (this is a glass apparatus in which 
boiling water produces steam, the steam is 
condensed and drips through the soil, and the 
water is then reboiled, i.e. continuous reflux-
ion) . These soxhlet soil extracts were di
gested with hydrogen peroxide, acidified, and 
analyzed by the colorimetric thiocyanate 
method. This method of extraction was utilized 
because of published information3*4 which sug
gests that the Ho extracted by hot water may 
correlate with the concentration of Mo in plant 
plants on the soil. 

A total of 1080 samples was used in the 
study, out of a larger number of samples ana
lyzed. Each data point used represented the 
content of Mo in a particular sample of plant 
together with the total or soxhlet-extracted 
Mo from one of two depths in the soil. A few 
points had to be discarded due to analytical 
or recording errors. 

RESULTS 

1. Hand-drawn contour maps of the Mo con
tent in the soils were produced for four spe
cific cases. These were: 

a) total Mo in the upper two inches 
(A-horizon); 

b) total Mo in two to six inch depth 
(B-horizon); 

c) soxhlet-extractable Mo in the A-
horizon; and 

d) soxhlet-extractable Mo in the B-
horizon. 

The contour maps in all four cases clearly 
delineate the center of the mineralized deposit 
and are useful for prospecting purposes (see 
Figures 2-5). A peak value of 580 ppm of 

total Mo was found in one of the A-horizon 
soil samples directly over the deposit (Figure 
2a). The background levels in the area ranged 
from 5 to 10 ppm, which is higher than the 
usual worldwide average of 0.6 to 3.5 ppm.5 

The same general features are evident in all 
four maps whether or not we look at total or 
soxhlet-extractable Mo, or at the A or B-hori
zon*. There is little, if any, difference in 
Mo concentration between the two depths. The 
soxhlet extraction procedure removes only a 
few tenths of a percent of the total Mo (com
pare Figures 2A and 3A, for example). This 
suggests a relatively low availability of Mo to 
plants growing on these acidic, alpine soils. 

2. Using the data files of the Informa
tion Storage and Retrieval System of the Molyb
denum Project, the computer was used to gener
ate contour maps for comparison with the hand-
drawn maps. The hand-drawn maps include some 
points which were not entered on the computer
ized data system because of a lack of a cor
responding plant sample. All of the computer-
drawn maps are therefore based on somewhat 
fewer points than the hand-drawn maps. 

The computer program smoothed the data 
and extrapolated estimates of the concentra
tions of Mo at intermediate points and in re
gions of the sampling grid for which there 
were no real Bamples. This was done by means 
of a weighted averaging procedure. The formu
la used for the predicted concentration of Mo 
at each grid point is shown as equation 1 be
low: 

g,, - E w (k,£)f.,/ I w (k,£). (1) ij k ( J t ij ka k l ij 

where 
g . * smoothed estimated of Mo concentra-
*•* tion at grid point i-J 

f. « - observed Mo concentration at grid 
k point k-£ 

w1.(k,ft) - 0 if f ^ < 0 (no data at k-£) 

w..(k,£) - exp {-.5[(i-k)2 + (j-A)2]} 

The computer-generated maps show very good re
sults when compared with hand-drawn maps and 
in every case all of the major features can be 
identified from either the conventional maps 
or from the computer-drawn maps (compare A and 
B on Figures 2-5). The computer-drawn maps 
were generated on a microfilm display and then 
printed photographically to match the scale of 
the hand-drawn maps. 

The weighted averaging procedure used to 
generate the compcter-displayed maps has been 
used to estimate air pollution densities over 
broad areas served by only a few actual sam
pling stations.6 The computer-generated maps, 
utilizing an existing data file, were 
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laoaratad much more rapidly and at laaa ex
panse than tha hand-drawn aapa. Revisions of 
tha aaae, auch a» Including or excluding euapi-
cloua data polnta or chanting tha values of the 
contours, ware readily accoapllehed In ahort 
ordar with the computer system. 

another aapact of the work waa to atudy 
the relationship between the content of Mo In 
planta and content of Ho In the aolla on which 
tha planta grow. Again, becauaa of the aany 
data polnta Involved, It vae convenient to do 
thaae analyeaa ualng the computerized data 
file. For each of the eight typea of planta 
sampled, the concentration of Ho waa coaparad 
with the total and aoxhlet-extractable Ho in 
tha aoil aaaplea from both the A- and B-hori-
zooe for each grid point where both aoll and 
plant saaplee were available. At aoaa grid 
polnta In tha field, no planta ware available. 
In which caaa the aoll valuaa were omitted fron 
conalderatlon. The data polnta ware plotted 
and straight llnea vere fitted to each aet of 
polnta by the nethod of leaat squares, using a 
library coaputer progran. 

The reaulta of the procedures of regres
sion line-fitting and the analyala of variance 
teste of each regression line are given in 
Tablae II through V. The abbreviations uaed 
for the planta are given In Table I. The re
lationship between Ho concentration in TRF-
(clover) with total and eoxhlet-extractable Ho 
in both the A and B aoil horizons is fairly 
good (Table II and Figures 6-9). The rela
tionships are better for total Ho than for 
aoxhlet-extractable Mo. This set of relation
ships could be marginally useful for purposes 
of geobotanlcal prospecting. The Trlfollun 
(clover), although a leguae, doee not accumu
late Mo to any greet extent. Thla la la con
trast to the behavior of legumes on sore alka
line soilu.7 The pH of these alpine soils in 
our study is 4.5 - 5.5 and Ho appears to be 
relatively unavailable to theae plants. In 
alkaline aolla the concentrations of Mo seen 
here could yield high concentrations of Mo In 
forage which might be toxic to ruminants. 
This low availability may explain the fact that 
Kienholz* found no unusual Mo levels in pica 
and marmots collected in thia area. There is 
some relationship between the Mo concentrations 
of the GRM (grass) samples and aoll Ho values, 
but the relationahips are not aa atrong for 
thla plant aa they are for the clover samples 
(Table II). Graaa would not be a particularly 
uaeful plant for use for geochenlcal prospect
ing on the basis of these data. The content of 
Mo for Boat of the grass samples is 1 ppn or 
less, a level which would probably be non
toxic to grazing ruminants using this alpine 
environment. 

The strongest relationship between plant 
and soil Ho is shown for CIR (Clrsium or this
tle) (Table II and Figures 10 end 11). This 
correlation is consistently high for both 

total Mo and soxhlet-extrectable Ho and for 
both the A and B aoil horizons. Concentra
tions as high aa 45 ppm, which is easily mea
surable, were observed In the CIR samples. 
Only thla plant among tie eight types sampled 
offera a really good possibility for useful 
geobotanlcal prospecting in this alpine envir
onment. However, thia plant is relatively 
rare in thia ecological zone and therefore 
would not be particularly uaeful in prospecting. 

TABLE I. Abbreviations, families, genera 
and coamon naaes of plants studied.* 

Abbre
viation Family Genus 

Common 
name 

GRM Graalneae none 
identified 

Grass 

TRF Leguminosae Trifoliun Clover 
CAS Scrophular-

lscae 
Castllleja Paint

brush 
CAR Cyperaceae Carex Sedge 
ACH Conpoaltae Achillea Yarrow 
BIS Polygoneceae Bistorta Biatort 
CIR Compositae Clrslum Thistle 
PEN Rosaceae Fentaphyl-

loides 
Cinque-
foil 

* identified by Wm. A. 
Colorado, see W. A. 
Flora (Colo. Assoc. 
WnT. 

. Weber, University of 
Weber, Rocky Mountain 
Univ. Fress, Boulder, 

The five other types of plants sampled 
demonstrate no consistently good relationship 
between Mo concentration in the planta and Mo 
concentration in the soils (Table III). Our 
data may represent the actual lack of a good 
relationship or possibly reflect the smaller 
sample sizes collected for most of these five 
plant types. The two hlgheBt concentrations 
of Mo found in any of our samples were in the 
genus ACH (Achillea or yarrow). This is a 
surprising result because yarrow is not a le
gume. This finding nay Indicate that this 
plant has a specific physiological use for Mo. 
However, because several other aamples of yar
row have extremely low Mo concentrations, it 
is possible that these two extremely high val
ues represent surface contamination of the 
plant samples, either in the field or in the 
laboratory. 

As shown in Tables II and III, the corre
lations between Mo in plants and Mo In soils 
were not improved by choosing either the A-
or B-horizons, or by looking at either total 
Mo vs soxhlet-extractable Mo. In other words, 
the extra effort required for the soxhlet-
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TABLE II. Regreaslona of plant Ho on soil Mb for three types 
See Table I for aeaning of plant abbreviations. 

Data for TRF are displayed graphically in Figures 6-9 

of plant..* 

Variable 1 on Variable 2 df Slope Intercept F-ratio p-value r 
TRF Total A 

B 
85 .0589 
91 .0243 

.034 

.425 
32.4 
42.1 

.0001 

.0001 
.52 
.56 

Soxhlet A 
B 

82 3.469 
75 5.508 

.706 

.786 
11.3 
3.9 

.0015 

.048 
.35 
.22 

GRM Total A 
B 

111 .0554 
124 .0192 

.651 
1.048 

12.4 
7.4 

.0009 

.008 
.32 
.24 

Soxhlet A 
B 

106 5.020 
102 8.854 

.992 
1.222 

8.8 
4.0 

.004 

.045 
.28 
.20 

CIR Total A 
B 

9 .053 
23 .062 

.566 

.010 
14.3 
15.0 

.0045 

.001 
.78 
.63 

Soxhlet A 
B 

10 3.409 
21 13.635 

.513 

.336 
14.7 
31.9 

.0035 

.0001 
.77 
.78 

Variable 1 - dependent variable; 
Variable 2 - independent variable; 
df - degrees of freedom; 
Slope - slope of fitted line; 
Intercept - intercept of fitted line. 

F-ratio - F-ratio test of whether of not 
true slope Is different from zero; 

p-value - significance level for the F-test. 
P-value of 0.05 or less indicates 
a true non-zero slope, 

r - correlation coefficient. Range is from 
(-)l (for perfect Inverse) to (+l)(for 
perfect direct) linear relationship. 

extraction procedure did not yield improved 
correlations between plant and soil values. 
The additional effort and expense of the sox
hlet procedure in future studies could not be 
justified on the basis of our results. A spe
cific soil test for Mo tuch as the resin-
extractable procedure of Bhella and Dawson9 

and Jackson and others 1 0 may be more useful. 
In looking at the concentrations of Ho ln 

soil alone (Table TV and Figures 12 and 13) the 
soxhlet-extractable Mo correlates quite well 
with the total Mo. Ve therefore do not believe 
it necessary to make both of these determina
tions. 

We also compared the concentration of Mo 
in samples of clover (TRF) and grass (GRM) 
taken froa the same grid point (Table V and 
Figure 14). The correlation was extremely 
good and the relationship between concentration 
of Mo in clover and grass samples from the same 
grid point could be useful for predictive pur
poses . 

CONCLUSION 

Our study of the release of Mo from bed
rock Into soils and plants In the alpine en
vironment of Colorado shows that high concen
trations of this metal may occur in soils ln 
undisturbed natural environments. The low pH 
of the soil restricts its movement, however, 
into plants. Even legumes do not concentrate 
the metal In this environment. Computer tech
niques can be used to great advantage in pro
ducing contour maps and displays of statisti
cal correlations among soils and plants. A 
fairly good correlation Is found between the 
concentration of Mo in Trifollua (clover), Gra-
mlncae (grass), and Cirslum (thistle) and the 
concentration in the underlying soil. No ap
parent improvement in correlation is achieved 
by choosing either total or soxhlet-extractable 
Mo in either the shallow (zero to two inch) 
or intermediate (two to six inch) depths of 
soil. The added effort and expense necessary 
to obtain soxhlet-extractior > are not repaid 
by Improved correlations between plant and 
soil Mo. Geobotanical prospecting would not 
be as useful ln this environment as analysis of 
the soils. The low availability of Mo to the 
plants from the acid soils probably provides 
a safeguard against Mo toxicity in grazing 
ruminants. 
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Regressions of plant Mo on soil Mo for five types of plants 
See Table I for meaning of plant abbreviations. 
See Table II for explanation of table headings. 

Variable 1 on Variable 2 df Slope Intercept F-ratio p-value r 
CAS Total A 

B 
9 
9 

-.0450 
.0072 

2.564 
1.618 

0.2 
0.005 

.63 

.94 
-.16 
.02 

Soxhlet A 
B 

10 
8 

21.011 
-20.444 

-.712 
2.643 

4.1 
0.62 

.068 

.54 
.54 

-.26 

CAR Total A 
B 

2 
7 

.0070 

.0135 
.711 
.503 

0.2 
0.5 

.69 

.51 
.31 
.27 

Soxhlet A 
B 

5 
4 

7.423 
9.215 

.015 

.657 
8.1 
1.6 

.035 

.27 
.79 
.54 

ACH Total A 
B 

6 
5 

-2.002 
1.336 

28.070 
-9.920 

1.0 
0.1 

.35 

.80 
-.39 
.12 

Soxhlet A 
B 

7 
4 

16.470 
-293.786 

1.925 
16.310 

0.4 
5.4 

.56 

.08 
.23 

-.76 

BIS Total A 
8 

18 
23 

.0250 

.0172 
.224 
.262 

14.7 
4.9 

.0015 

.035 
.67 
.42 

Soxhlet A 
B 

16 
15 

1.130 
-.2222 

.374 

.573 
3.4 
0.02 

.08 

.90 
.42 

-.03 

PEN Total A 
B 

2 
2 

.0189 

.0060 
-.015 
.159 

4.5 
.2 

.17 

.71 
.83 
.28 

Soxhlet A 
B 

2 
1 

-1.657 
-2.391 

.641 

.515 
1.0 

44.1 
.42 
.10 

-.58 
-.99 

TABLE IV. 
See 

Regressions of soxhlet Mo on total Mo for 
Table 11 for explanation of table headings. 

soils. 

Variable 1 on Variable 2 df Slope Intercept F-ratio p-value r 
Soxhlet A Total A 70 .00567 .0459 21.5 .0001 .48 
Soxhlet B Total B 78 .00285 -.00202 58.2 .0001 .65 

TABLE V . Regression of TRF Mo on GRM Mo for plants 
See Table II for explanation of tabl 

from the sane grid square, 
.e headings. 

Variable 1 on Variable 2 df Slope Intercept F-ratio p-value r 
TRF GRM 136 .582 .413 45.2 .0001 .50 
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( A ) 

TOTAL MO IN PPM DRY WEIGHT, A - HORIZON 

(B) 

FIGURES 2A and 2B. HAND-DRAWN AND COMPUTER-DISPLAYED CONTOUR MAPS OF TOTAL MO IN 
0-2" OEPTH OF SOIL ("A-HORIZON"). COMPUTER CONTOUR INTERVALS AT 1 0 , 1 5 , 2 0 , 2 5 , 4 0 , 3 0 
and 100 PPM. 

(A) 
SOXHLET MO IN PPM ORY WEIGHT, A-HORIZON 

(B) 

FIGURES 3A and 3B. HAND-DRAWN AND COMPUTER-OISPLAYED CONTOUR MAPS OF SOXHLET" 
EXTRACTABLE MO IN 0 -2 * DEPTH OF SOIL ("A-HORIZON"). COMPUTER CONTOUR INTERVALS 
AT 0.02,0.05, 0.1,0.2 and O.S PPM. 
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(A ) 
TOTAL MO IN PPM DRY WEIGHT, 6 HORIZON 

(B) 

FIGURES 4A and 4B. HANO-ORAWN AND COMPUTER-DISPLAYED CONTOUR MAPS OF TOTAL MO IN 
2"-6" DEPTH OF SOIL ("B-HORIZON"). COMPUTER CONTOUR INTERVALS AT 10, 15 ,20 ,29 ,40 , 
50 and 100 PPM. 

(A) 
SOXHLET HO IN PPM ORT WEIGHT, B - HORIZON 

(B) 

FIGURES 5A AND SB. HAND-DRAWN AND COMPUTER-DISPLAYED CONTOUR MAPS OF SOXHLET-
EXTRACTABLE MO IN 2"- 6" DEPTH OF SOIL ("B-HORIZON"). COMPUTER CONTOUR INTERVALS 
AT 0.01, 0 .02,005, 0.1, 0.2 and 0.5 PPM. 
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Figure 6. Linear regreaalon plot of Ho In TBF veraua total 
Ho In A-horiion of aoll. Obaarved data points 
(0); predicted value* (P). 

Figure 7. Linear regraaalon plot of Ho In TRF vareua 
total Mo la B-faorlaon of aoll. Obaarved 
data polnta (0); predicted taluea (P). 
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Figure 8. Linear regression plot of Ho In TIF venue eoxhlet 
Mo In A-horlson of noil. Observed dau point* 
(0); predicted mine* (P). 

Figure 9. Linear regression plot of Ms In T*F versus 
soxhlet Mo in B-norlson of soil. Observed 
velues (0); predicted valuee (F). 
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Figaro 10. Llnoor TOgroMlon plot of Ma In CI* Yarouo 
total Ma In A-Borlwm of ooll. ObMrvod 
n l u u (0); pradlctad m l u u (P). 

rigor* 11. Llnaar ratraaaloa plot of Mo la CIS 
tanaa total No la l-barlaoa, of aoll. 
Otaarrad valoaa (0); pradletad values 
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8 

w vson 
Figure 1*. Linear regression plot of TRF Ho versus GRM 

Ma. Observed value* (0); predicted values (P). 
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TISSUE ACCUMULATION, MOLYBDENUM TRANSPORT, AND THE 
PHYSIOLOGICAL EFFECTS OF STRESS IN MOLYBDENUM-TREATED RATS* 

Paul W. Winston, M Heppe, Lenore Hoffman, 
University of Colorado 
Boulder, Colorado 80302 

and R. Spangler 

ABSTRACT 

Dietary molybdenum at subclinical levels 
has been shown to reduce the efficiency of re
sponse to cold stress. The effects of short-
term stress on oxygen consumption was then mea
sured. Basal QO2 (mU. 02"cm**.hr-1) was mea
sured in an open-flow system by a para-magnetic 
0 2 analyzer. The QO2 *n rats given 10 parts 
per million molybdenum in food or water was 
higher by at least 5.OX than in rats given 0.5 
parts per million (p <0.03). Those given 100 
parts per million molybdenui were higher by 
18% (p <0.01). The recording chamber was then 
dropped a distance of 1.5m and caught, three 
times; and the OO2 then recorded at 15 second 
Intervals for ten minutes. QO2 dropped below 
basal for a short while in both experimentals 
(10 ppm Mo) and controls (0.5 ppm Mo) and then 
rose to a peak after which the rate declined. 
The initial lowering of the rate lasted less 
than one minute in the controls and for two 
minutes in experimentals. The actual peak was 
higher in the latter but the percentage in
crease was less than in controls. The rates 
for experimentals returned to baseline levels 
by nine minutes while control rates were still 
more than naif the peak levels at that tiite. 

Thus, OO2 of the experimental rats,always 
at a higher rate, peaked later and proportion
ately less than control animals. They also 
returned to baseline levels much sooner showing 
a strong effect of a slight excess of molybde
num on both metabolism and on the stress re
sponse. 

INTRODUCTION 

Molybdenum has not been considered to 
produce clinical effects In humans and other 
non ruminant animals at levels anywhere near 
those that human individuals might take in 
chronically.1*2 Our contention has been that 
stresses not unlike those to which humans might 
be subjected could elicit effects In laboratory 
rats at Intake levels much below those re
quired to produce clinical symptoms,3 Earlier 

*Work supported by NSF (RANN) Grant GI-348UX. 

work has shown that Mo in the water at 10 ppm, 
less than an order above the usual intake, de
finitely affected the rats' ability to respond 
to severe cold streBs. ' 

In the present, preliminary study we have 
measured metabolic rates because they are an 
indicator of the general dtress response.E In 
addition, there is growing evidence that the 
Mo-containing enzyme, xanthine oxidase, is 
directly concerned with at least one aspect of 
electron transport6 and that there may be In
teractions between Mo and Cu in the several 
enzymes of the respiratory chain that contain 
Cu. Two aspects of our work will be reported 
here: the effect of small excesses of Mo on 
oxygen consumption in laboratory rats and the 
effects of short-term stress on QO2 in the 
same animals. 

MATERIALS AND METHODS 

Adult, male, Sprague-Dawley rats of 450-
550 gm were used for the experiments. They 
were of the first generation raised entirely 
on a pelletted diet containing the four possi
ble combinations of Mo and Cu shown in Table I 
(0.5 ppm and 10 ppm of Mo and 1.5 and 10 ppm 
of Cu). The diet was adapted from Morris et 
al.e and prepared for us by General Biochemi
cal Corp. The low Cu was the minimum level 
obtainable with egg albumin and we felt that 
any lower would really make the rats sick with 
or without the added Mo. Growth of some re
presentative animals on this diet is shown in 
Figure 1. It can be Been that this is quite 
high compared to similar animals on a standard 
laboratory diet, which average 231 ± 5.6 gro at 
56 days, significantly less than the smallest 
group on the special diet. 

Rats used in the following experiments 
were all mature, close to 500 gm, and within 
a few days of six months old. The differences 
in size were due to the diet and were unavoid
able, and not considered to be important as 
the distinct differences among the four groups 
seen at eight weeks became blurred by six 
months. QO2 (mf. 02 ,cm~ 2-hr~ 1) was measured in 
an open system with the rat in an eight inch 
diameter chamber of "Plexiglass". Air was 
continuously drawn through the chamber at 
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TABLE I. Level* In diet. 

Group Ho Cu Ho Cu 

E high low 10 1.5 
F high high 10 10 
G low low 0.5 l .S 
H low high 0.5 10 

300 
280 ^ [-*• 
260 ~ 1*1 240 - • * • 

</> 
| 200 -
<r (9 
Z 160 • 3- <e m 

1* ii ,M ;* 1- * • * I St 
o 
Ul 100 _ 
* 

L 
(hi-lo) (hi-hi) (lo-lo) (lo-hi) 
E F G H 

Figure 1. Heights of Bale rata at 56 daya of 
age. These are the flrat g' . jratlon totally on 
the defined diets. High designates 10 ppm for 
both Mo and Cu; low la 0.5 ppm Ho and 1.5 ppa 
Cu. Vertical lines Indicate standard error of 
the aean. Comparing E-H, F-G, and G-H, p<0.01; 
while for E-F and F-H, p<0.05; and for E-G 
p<0.'.0. 

1 t/mln. The stream waa aplit and part was 
dried and led through a Beckaan Paramagnetic 
02 analyzer. Rata were allowed to settle down 
for three hours without food In the experimen-
tsl room before being placed In the chamber. 
In the latter they were provided with a small 
amount of their own bedding and left until 
they had gone to sleep. All teats were made 
between 1100 and 1300 hours and readings were 
taken after they were steady for four minutes. 
The chamber temperature was controlled at 
26 ± 0.5'C. This was the only way to obtain 
consistent, repeatable basal levels and oach 
rat showed a characteristic level that waa 
quite repeatable. QO2 was corrected to Stan
dard Temperature and Pressure. 

A short-term stress was applied to theae 
animals In the chamber in which the QO2 was 

measured. The chamber was hung on a rope and 
pulley system, hoisted up, dropped, and caught 
1.5m below and with oxygen consumption moni
tored without Interruption. This was done four 
times in one minute after which the QO2 v a a re
corded at 15 second Intervals for the next ten 
minutes, 

RESULTS 

An unexpected result of the basal measure
ments waa that the QO2 of these rsts was ele
vated by the higher levels of Ho (Table II). 
Rata getting 10 ppm Ho had algnifIcantly higher 
readings than those on 0.5 ppm. Thus, the E 
and F groups with high Ho were significantly 
different from tha G and M groups with low Ho, 
with tha exception of the two with low Cu (E 
and G) in which p waa less than 0.07. Ii con
trast, comparisons within the groups with 
either high (E-F) or low (G-H) Ho show no sig
nificant differences. 

Rats on diets E and H (high-low and low-
high) were given the "Drop Stress" and the QOj 
aeaaurad afterward. These two group* were 
chosen as providing the greatest contrast. Re
sults presented in Figure 2 show that the Q0j 
rose proportionately more above the awake level 
in H rata than In the E'a. The Q0 2 when the 
rat waa awake before stress waa uaad as the 
baseline because this was the level they would 
return to after recovery from the stress, not 
the basal (sleeping) level. The beseline for 
E's was higher than the H's but not signifi
cantly so. 

It can be seen that the QO2 drops In both 
groups right after the atreaa and that the E'a 
(high-low) show a much greater and longer-
lasting drop. The H's (low-high) not only did 
not drop as much below their baseline, but 
they took half aa long to return to the base
line and begin Increased oxygen consumption. 
Botli groups peaked and than started back down, 
but Those on high Ho rose proportionately less 
thsn the group on low Mo. They also returned 
to their baseline in leaa than ten minutes 
while those on low Ho sustained their Increaaed 
metabollam for much longer, ueually up to 20 
mlnutea. 

A typical record of aingle H and E rats 
Is shown in Figure 3. Note that two start at 
different baselines and that the H rats rises 
higher and faster above its baseline than the 
E doea. The E returns to its baseline well 
before the ten minutes were «« "hlle the H 
stayed up, in this caae for iS minutes. The 
E also continued its reduction In Q0 2 and 
overshot, dropping well below the starting 
rate. Theae are typical responses for both 
groups except for an odd E rat, the Q0 2 of 
which hardly went above the baseline. Our 
data have thus ahown a definite effect of ele
vated Mo or reduced Cu on the pattern of QO 
changes after mild stress. 
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TABLE I I . QO. (ml O.-ca^-hr) of male rata on four different combinations of Ho and Cu. 

Ho Diet Weight (g) Age (days) qo2 

High Low E 4 496 19.1 172 4.496 0.033 E - G: <0.06 
High High F 4 S24 28.2 172 4.630 0.071 E - H: 

E - F: 
<0.02 
>0.10 

Low Low G 4 511 8.5 169 4.010 0.231 F - G: 
G - H: 

<0.02 
>0.11 

High 493 26.5 168 4.230 0.064 F - H: <0.01 

4 5 . 0 r 

( l o - h i ) 
H -D IET 

3 4 5 6 7 

MINUTES AFTER STRESS 
10 

Figure 2. Percentage change In QO, fro* awake (Inactive) levela on two regimes of Ho 
and Cu after "Drop Streaa". Horizontal line la awake baaeline for all ani
mals. Vertical llnei indicate Standard Error of the Mean. Readlnge taken 
at 15 second Intervals. 

DISCUSSION 

The elevated basal Q0 2 of rats on 10 ppa 
Mo is difficult to explain. It would seem 
logical that impairment of activity at the 
molecular level would reduce QOj rather than 
raise it. It la possible, however, that un
coupling of part of the electron transfer sys
tem lu the mitochondria would necessitate in
creased oxygen consumption to provide normal 
amounts of ATP." Another purely spsculative 
possibility Is that the Mo acts as a mild 
stressor Itself and that the rets continually 
respond to this at a low level. 

Even though Mo appears to bs the major 
influence on theee results, some Influence of 
Mo on Cu-dcpendent reactlona la probable. , , t 

It le worthy of note that the two groups of 

rats on low Cu were consistently lower than 
their counterparts receiving high Cu, though 
the differences were not statistically signi
ficant. If Mo wars inhibiting a Cu-contalnlng 
enzyme, the results might be expected to tend 
in this direction and not In the way of our 
significant results. Perhaps there are two 
reactions influenced by Mo and Cu. 

The QOo would be expected to rise sfter 
a stress and, with this type of anticipatory 
response,11 to then return to baseline levels. 
The rats on higher Mo did this for the most 
part, but they returned to the baseline much 
sooner than those on low Mo. This, coupled 
with the fact that the peak for the E's was 
not so high, relatively, aa for the H's would 
suggest that their response to stress was not 
up to normal levels, that the higher Mo had 
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7.8 
7.4 
7.0 
6.6 
6.2 
5.8 
5.4 

i 

5.0 
4.6 
'4.2 
3.8-
3.4 
3.0-

r -F-

5 6 7 
M I N U T E S 

Figure 3. Curves of Q0 2 after drop stress for two typical Individual rats taken 
from the data of Figure 2. Horizontal line is the awake baseline Just 
before stress was applied. Broken line for H rat, solid line for E rat. 

impaired this response. Such results are in 
agreement with behavioral tests on the same 
animals in an "Open Field" arena, 1 2 which 
showed a lower "Anxiety Index" for the E rats 

It is impossible to do sore than specu
late as to the reason for this lapairatnt, but 
the effect on the anticipatory response would 
sesa to implicate the catecholamines which are 
the principle agents of this response, as sym
pathetic outflow rises and epinephrine secre
tion increases. There is one Cu-contalnlng 
enzyme (Dopaains-beta-hydroxylase) in the bio-
synthetic pathway for catecholamines10 which 
might veil t>s influenced by Ho. Rapid mobili
zation for "Flight or Fight" depends on the 
integrety of the sympathetlc-^drenomedullary 
system11 and it appears that this ability is 
reduced in these animals. 

The elevated basal QO2 does not in itself 
seem to be obviously serious for these animals 
if the first experiment is considered alone. 
It Is only about 102 over those receiving 0.5 
ppm, less than the rise with even mild activi
ty. When this is considered with the Impair
ment of the stress response however, in both 
short stress and long-term cold," It is possi
ble that elevation of oxygen consumption could 
be of real Importance to the aniral. 

13 

Elevated Q0 2 of the same order aa in ttwse 
experiments have since been found in rats on 
10 ppm Ho In drinking water and "Lab Chow" 
(1-3 ppm), compared to those on water and "Lab 
Chow" only. 1 9 Thus, a mature rat eating 15 g/ 
day and drinking 15 m£ of water per day would 
take in on tiie average either 30 or 180 ug/ 
day, only a six-fold difference. In view of 
the way some food organisms concentrate Mo, 1 

an intake like this may not be unusual for 
some individuals. 
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MOLYBDENUM IN PLATELET METABOLISM 

Cllve C. Solomons 
University of Colorado Medical School 

Denver* Colorado 

ABSTRACT 
When platelet-rlch-plasna 1B Incubated 

vlth V-C-U adenine at 37*C under standard con
ditions, the ATP as a percentage of the plate
let nucleotide pool decreased with time and a 
concomitant rise In the proportions of ADP and 
AMP occurred. The shift in nucleotide patterns 
of platelets from rats fed a normal purine 
chow diet compared to those given the purlna 
chov diet plus equal concentrations of copper 
and molybdenum at the 10 parts per million 
level were lndlstlnguisable from each other. 
In contrast to these results, rats who were 
fed supplements of 3 parts per million copper 
and 10 parts per million molybdenum showed a 
two to three fold greater decrease in ATP as 
well as the formation of appreciable amounts 
of IMP when compared to platelets from animals 
on the normal diet. These results will be 
discussed in relation to the roles of copper 
snd molybdenum in cellular energy metaobliBm 
and the Importance of platelets In degenera
tive diseases. 
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MOLYBDENUM-COPPER STATUS OF FEEDS FOR BEEF AND DAIRY CATTLE IN COLORADO* 

Gerald M. Ward 
Colorado State University 

Fort Collins, Colorado 80521 

ABSTRACT 

Parts of the Denver nllkihed lie In the 
drainage of streams that contain above average 
levels of molybdenum. Irrigation water at the 
farm was found to reflect these higher levelB 
(up to 300 parts per billion). Milk samples 
were analyzed from tank trucks and from indi
vidual farms. No significant difference in 
molybdenum content of milk has been found be
tween farms producing feed with irrigation 
water containing the higher molybdenum con
tents. Nearly all milk samples fall in the 
range of 25-75 parts per billion. Levels of 
molybdenum In feed were not closely related to 
levels in irrigation water, perhaps because of 
differences in soil types. Alfalfa hay ranged 
froa two to five parts per million, corn Bilage 
from one to two parts per million (on a dry 
basis), and grain mixes contain 1.0 or less 
parts per million of molybdenum. The range 
for copper was 10-20 parts per million in hay 
and silage and five to eight parts per million 
in grain with no close relationship between 
levels of copper and molybdenum. The levels 
of molybdenum found in forage and milk were 
considered not to be a hazard to cattle. Cat
tle are sensitive to molybdenum by virtue of 
their ruminant type of digestion. 

In some of the mountain valleys of Colo
rado, symp::tims of frank or suspected molybde
num toxicity have been reported for the past 
20 years. Elevated levels of molybdenum have 
been reported in forages from the Blue and 
Eagle River Valleys (up to 100 parts per mil
lion) . Very low copper levels (less than five 
parts per million) have been found in forages 
from a few other mountain valleys of western 
Colorado, one of which has reported clinical 
sumptons in cattle for many years. Molybdenum 
to copper ratios approach 1:0 In these regions. 

combine to form a cuprous molybdate which is 
absorbed but neither Mo nor Cu is available to 
animal tissues.1 The result is a relative 
Cu deficiency. As a result Mo at concentra
tions as low as ten parts per million (ppm) 
can produce toxicity If Cu intake is low, 
whereas levels approaching 1000 ppm are neces
sary to produce toxic symptoms In rats, chick
ens, and pigs. The first symptom in cattle is 
a diarrhea which can become debilitating or 
even fatal. Reduced pigmentation of the hair 
and a stiff gait of the rear legs are other 
symptoms commonly seen. 

The farming area around Brighton, Colo
rado includes a number of dairy farms produc
ing milk for the Denver market. Most of these 
dairy farms produce alfalfa hay from fields 
irrigated with water from the South Platte 
River of Clear Creek which contain above av
erage levels of Mo. Some farms are irrigated 
entirely by such water, some have water from 
two or more sources, and some dairy farms pur
chase all their hay from areas as far away as 
Wyoming and central Nebraska. Milk from these 
farms is collected every other day by large 
tank trucks. Milk is a good product for mon
itoring Mo because Mo is rather readily ab
sorbed and excreted into milk as a function 
of the concentration in feed. 

In the mountain valleys of Colorado clear 
symptoms or suspected cases of Mo toxicity 
have been reported for the past 20 years. Two 
areas are valleys below a large Mo mine. The 
other areas are not close to any mining activ
ities. Finally, Mo has been reported as a con
stituent of fly ash from coal burning power 
plants and it seemed Important to investigate 
forage that could be contaminated by this 
source of Mo. 

METHODS 

INTRODUCTION 

Ruminant animals, and particularly cattle, 
are much more susceptible to Mo toxicity than 
non ruminants. The reason is probably that 
the rumen bacteria under strong reducing con
ditions causes copper and molybdate ions to 

*Work supported by NSF (RANN) Grant GI-34814X. 

Irrigation water samples were talten on 
the farm during the time water was being ap
plied to the land. Hay samples were collected 
with a fcrage sampler from stacks of baled 
alfalfa hay. Pastures are not used in this 
area for milking cows. Milk samples were col
lected from the farm tank following the last 
milking and after thorough mixing with the 
agitator on the tank. Silage samples were 
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collected from feeder wagons as the herd was 
fed. A representative sample of grain mixes 
was obtained from the farm storage system. 
Herd size varied from agout 50 to 300 milking 
cows. 

Samples of forage from mountain meadovs 
were obtained by cutting the entire vegetation 
enclosed by a ring which was randomly thrown 
to cover an area of the meadow. Unbaled hay 
was sampled by taking samples from hay stacks. 

All forage samples were dried in a forced 
air oven and ground in a Wiley mill through a 
100 mm screen. Analysis for Mo and Cu were 
made by x-ray fluorescence as described by 
Boyd, Rudolph, and Smy'he.2 

RESULTS 

Feed-milk relationships. The irrigation 
water of the dairy farms studied contained 
0-300 parts per billion (ppb) of Mo. Mo was 
not detectable in the water supply for cattle 
on any of these farms. The differences in 
concentration of Mo found in irrigation water 
was not reflected in hay samples. Hay sam
ples as seen in Table 1 were low in Mo, 
averaging 3.5 ppm while corn silage and grain 
contained an average of only about one ppm of 
Mo. The ranges in concentration were rela
tively small. The absence of a relation be
tween Mo in irrigation water and hay is pro
bably due to the averaging effect of ths 
large quantitites of hay involved; a small 
dairy of 50 cows consumes about 50 tons of nay 
per month. The average concentration of Cu in 
the feeds was above 10 ppm and rather varia
ble particularly for the grain mixes which 
contained undetermined amounts of mineral 
supplement. The Cu:Mo ratio for hay was 
about 4:1 and at these low levels of Mo no 
toxicity would be expected. Furthermore, the 
other feeds fed to dairy cows have even higher 
Cu:Mo ratios as can be seen in Table 1. Bay 
an' other feed samples showed limited varia
bility in milk samples as would be expected. 
The 140 samples represent both tank trucks 
and individual farm tanks* and in all cases 
the milk of many cows. In a study of four 
cows, milk obtained by hand milking contained 
42.9, 35.4, 39.0, and 30.3 ppb compared to an 
average of 39.5 for a herd of 120 cows. The 
linear correlation between Mo in feed and in 
milk was -0.5 indicating no relation between 
the two for the sample in this study. 

Mo and Cu in mountain valleys. The first 
published report implicating Mo toxicity in 
Colorado appeared in 1943 and was concerned 
with nutritional problems of cattle in the 
Kremmling area.3 Mo toxicity was suspected 
in the Eagle River Valley but samples of 
forage collected in 1950 ranged from only 4.2 
to 21 ppm of Mo and 1.8 to 7.5 ppm Cu.* 

TABLE I. Mean concentration of Mo and Cv 
in milk and in feeds fed to dairy herds 

in the Denver milk shed. 
(Results in ppm) 

Feed Hay 
Corn 
Silage 

Grain 
Mix Milk 

0 samples 35 13 19 140 
Mo 
Std. Dev. 
Range 

3.54 
1.21 
0.8-
7.2 

1.26 
0.43 
0.5-
2.0 

1.19 
0.68 
0.3-
2.7 

44.6* 
16.5* 
13-; 

134 

Cu 
Std. Dev. 
Range 

13.5 
3.08 
3.8-
2.08 

13.5 
5.37 
7.6-
22.9 

10.3 
4.88 
2.7-
21.6 

*expressed in ppb. 

In 1961 Dr. Robert Teagarden5 diagnosed 
Mo toxicity on a ranch near Kremmling. Angus 
cows were grazing a meadow irrigated by the 
Blue River during the summer whic'i had never 
been grazed before. Ir had not been the custom 
to pasture this meadow, traditionally it had 
been in hay production. These cows exhibited 
all the cla :1c symptoms: lameness, diarrhea, 
and graying of the hair, and especilly 
ghosting about the eyes. The reduced pigmen
tation of the hair seemed much more apparent 
in the calves. This herd was removed from the 
meadow and soon recovered. It Is perhaps Im
portant to note that these cattle had only 
been in the county and on tSese pastures for 
two or three months. Pasturing those meadows 
was no longer practiced on that ranch and no 
cases of Mo toxicity have been reported since 
in Middle Park. 

A total of 20 hay samples collected from 
six ranches in the Biu° River Valley in late 
August of 1961 were mostly low in Mo, one to 
six ppm with one sample at 44, one at 49, and 
one at 88 ppm. 

A Cu deficiency in two flocks of lambs 
reared near La Jara was described in 1958 by 
Jensen.6 Clinical signs and necropsy sec
tions supported the diagnosis of enzootic 
ataxia. 

Further north in the San Luis Valley, 
east of Saguache, is an area where problems 
have been reported in cattle for a long time. 
One ranch claims a history of lameness for the 
past 25 years. A total of 36 forage samples 
were obtained from this region in 1966, and 
the average analysis is included in Table II. 
Nearly all the samples were low in both Cu 
and Mo. A Cu deficiency seemed quite possi
ble,for though Mo was not high enough to con
sider seriously, the Cu:Mo ratios are only 1:2. 
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TABLE II. Samples collected September 
27, 1974 from Saguache area. 

(Results in ppro) 

Sample No. 

680 2.6 
681 3.2 
682 4.3 
683 3.6 
684 3.7 
Mean 3.5 

Mean 1966* -.6 

3.5 
3.1 

4.2 
3.7 

*Mean of 36 samples of forage collected 
in this area in 1966. Analytical me
thod unknown. 

In 1955 Angus cattle showing grey hair and 
lameness were reported in the Ridgeway area. 
Forage samples were collected and analyzed by 
Dr. Allawav of the U.S. Plant, Soil, and Nu
trition Laboratory, Ithaca, New York.7 Two 
samples averaged 4.4 ppm of Cu and 2.7 ppm of 
Mo. 

Considering this background of reported 
cases it was decided to sample forage from 
these areas in the summer of 1°73. In Table 
III are presented the Mo and Cu concentrations 
of forage samples from the Blue River Valley. 
The samples are arranged in order proceeding 
downstream. Two ranches show relatively high 
levels of Mo and higher levels in the spring. 
The forage from these meadows, however, is not 
grazed but is c. : for hay and fed in the 
winter. One ; r,:i'e from the Eagle River Val
ley indicated .J problem of excess Mo. 

In Table It are presented analysis of hay 
samples from the areas around Fagosa Springs 
and Ridgeway where Cu deficiency had been sus
pected. Samples were also collected from the 
La Jara area where Jensen had diagnosed a Cu 
deficiency in sheep. It is apparent that Mo 
levels were all very low and Cu was probably 
adequate with rather high levels found in the 
Ridgeway samples. 

Forage samples analysis from the Saguache 
area where Cu deficiency has been suspected 
are presented in Table II. The interesting 
fact about these data is the 1:1 ratio of Cu 
and Mo found in these samples which was almost 
exactly what was found In 1966. A relative Cu 
deficiency would be quite likely in animals 
consuming a sole diet of this forage. 

Forage samples from areas nearer to Mo 
mines were also analyzed and data are pre
sented in Table V. One sample obtained near
est the mine contained 24.3 ppm of Mo but 
otherwise the samples indicated low Mo and 
adequate Cu. 

Forage sample analyses for 
Cu and Mo. 

(Results in ppm) 

Ranches 
Blue Cu Mo 
River Date ppm ppm 
EP 1972 hay 11.5 2.1 

1973 hay 3.8 2.0 
BK June 1972 hay 15.3 7.2 

June 1973 grass 19.2 10.3 
July 1973 grass 6.4 1.0 
Sept 1973 hay 2.7 8.8 

GKL June 1973 grass 20.1 42.8 
July 1973 grass 16.8 25.0 
Sept 1973 hay 4.6 31.6 

GKL 1972 hay 13.5 20.2 
June 1973 grass 14.1 56.7 
June 1973 clover 18.0 100.2 
July 1973 grass 3.6 27.6 
Sept 1973 hay 3.4 41.8 

Eagle 
River July 1973 hay "7.5 4.5 
Valley 

TABLE IV. Cu-Mo content of hay from 
areas of suspected toxicity. 

(Results in ppm) 

Area Cu Mo 
Pagosa Springs 5.2 

3.4 
5.4 
5.2 

0.4 
0.4 
1.9 
2.2 

Ridgeway 12.8 
17.0 
15.8 
16.3 
12.4 

3.2 
0.7 
1.0 
3.0 
1.5 

La Jara 5.2 
6.2 
6.8 

1.9 
0.6 
0.6 

Coal from the Four Corners Power Plant 
was found to contain 1.5-2.0 ppm of Mo, 8 and 
some grazing and agricultural areas are found 
in the area of the plant. The samples pre
sented in Table VI are arranged by distance 
down wind from the plant and indicate very low 
levels of Mo on the forage. An interesting 
observation is the very low Cu concentration 
in four of seven samples. Cu:Mo ratios of 1:1 
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were present in some forage and Cu deficiency 
might be expected in cattle and sheeo in *-'.e 
area. No symptoms hovaver, have been reported 
or have resulted from inquiries. 

TABLE V. Forage Cu-Mo in areas near 
molybdenum mines. 
(Results in ppm) 

Area Cu Ho 
Upper Ar.tansas River 

Leadville Area 

Buena Vista 

South Park 

7.2 
3.2 
7.0 
3.6 

4.6 
3.7 

7.5 
6.0 

24.3 
0.4 
1.5 
1.7 

1.3 
2.8 

1.9 
4.3 

TABLE VI. Mo-Cu content of forages from 
area of Four Corners Power Plant. 

(Results in ppm) 

Cu Mo 

8.5 2.9 
4.0 0.6 
3.1 1.9 
1.7 0:6 
11.6 1.4 
2.6 0.4 
1.6 1.2 
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ABSTRACT 
A unique opportunity for a study of 

cadmium and nickel in an aquatic sys
tem has occurred because of the conta
mination of a marsh and cove along the 
east side of the Hudson River in Mew 
York State. Discharges of these metals 
in waste waters from t. nickel-cadmium 
battery plant have resulted in high 
concentrations of these metals in a 
large area of sediments in the cove. 

The first studies of the system in 
1971 showed that concentrations as high 
as 50,000 mg of cadmium/kg of dry sedi
ment were found near the discharge 
point and that the contamination exten
ded into the channels of an Audobon 
bird sanctuary in a marsh to the south 
of t'ie cove. Subsequent dredging of 
the :aain deposit has increased the po
tential value of the data to be ob
tained. 

Tidal flows resulting in depth 
changes of from 3-5 feet per tidal 
cycle have been shown to be a major 
factor in the redistribution of the 
contaminant metals in the sediment of 
the area. Both re-suspension of sedi
ments and desorption-reabsorption are 
believed to be involved in the trans
port mechanism in the system. There is 
some evidence indicating a short term 
increase in sediment contamination in 
some parts of the COVE following the 
first dredging operation. However, 
the overall evidence indicates that 
most of the sediments in the cove re
main at approximately the same level 
of contamination as existed prior to 
the dredging. 

INTRODUCTION 
The location and geography of the 

Foundry Cove area are shown in Figure 1. 
The cove is about 50 miles north of the 
Battery in New York City along the 
east bank of the Hudson River, oppo
site the northern part of West Point. 
The battery manufacturer's plant, 
which is just north of the cove in the 

town of Cold Spring, has been in opera
tion since 1953. 

The process used in the manufacture 
of nickel-cadmiur batteries requires the 
use of concentrated metal nitrate solu
tions and results -n dilute waste solu
tions, and precipitates of the metals in
volved (5). Both -admium and nickel are 
used in large quarr^ties, and at one 
time a significant quantity of cobalt 
was used as an additive to the nickel. 

No significant changes have been 
made in these nrocess steps since 1953. 
Caustic solutions containing cadmium, 
nickel, and cobalt precipitates were 
customarily discharged (3), (5), through 
sewers to the local sewage system and 
the river, or directly to the cove. It 
is believed that occasional operator er
rors resulted in the discharge of con
centrated solutions used in the process 
in addition to the slurries mentioned 
above. 

The heavily contaminated outfall 
area near the discharge point and a 
portion of the channel leading to the 
cove were dredged in the summer and fall 
of 1972. Following additional evalua
tion of the contamination of the sedi
ments by a consultant, a portion of the 
cove itself and the channel from the 
outfall area were dredged in the spring 
of 1973 to a contour line approximating 
the 300 mg Cd/kg sediment concentration 
profile. 

The iirst steps in the present stu
dies by New York University are aimed at 
the definition of the physical and che
mical processes involved in the distri
bution and possible effects of the me
tallic contaminants in the ecosystem. 

MATERIALS AND METHODS 
Samples of water, bottom sediments 

(by an Emory spring loaded grab sac.oler) , 
and plants were obtained on field sam
pling trips in 1971, 1972 and 197 3. 
All samples were stored in plastic con
tainers and both plants and water were 
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stored frozen until prepared for analy
sis. Care was taken to obtain homoge
neous subsamples of sediment prior to 
drying and wet ashin.j. All samples 
were wet ashed with nitric acid and 
brought to a final volume in 5% nitric 
acid. 

Atomic absorption spectrophotometry 
(AAS) was used for metals analysis uti
lizing an Instrumentation Laboratories 
Model 453 dual-double bean AA spectropho
tometer. Standards, samples containing 
standard additions, and procedural 
blanks were processed along ;.rith the 
samples with standards run every 15 to 
20 samples during analysis. 

RESULTS AND DISCDSSIOfI 

The 1972 data obtained for cad
mium and nickel in water indicated that 
both dredging and tidal flows were in
volved in the transport of cadmium and 
possibly nickel, as expected (Table I). 
Dissolved cadmium concentrations on the 
ebb tide during dredging are 10 to 50 
times higher than those observed before 
dredging for any tidal state. Maximum 
dissolved concentrations of a-out 50 vq 
/l were observed both near the dredge 
and in the cove waters near the end of 
the channel carrying the drainage from 
the dredged area to the cove. 

TABLE I. Dissolved Cadmium and :]ickel 
Concentrations, ug/1- (197?.) 

Tidal 
Contition 

Cove <aJ, ed 
Before 

Dredging 
After 

Dredging 
Ebb c0.5 11.2-45.7 

Low Slack <0.1-0.65 1.0 
Flood 0.1-1.0 2.4-4.2 

High Slack 1.1 <b) 0.7-2.7 

Ebb 
Low Slack 
Flood 

High Slack 

Cove, Mi 
<3-4.9 

<3 
<3-9.5 
• <3 

9.3-11.2 
<3 

<3-4.3 
<3 

(a) Samples taken near the end of 
the channel from the discharge area. 
(b) Only one sample available. 

Figure 1. 

Wilt Point 

Location and geographical 
features of the Foundry Cove 
area. 

0 
0630 

F i g u r e 2 . 

0830 1030 1230 1430 1630 1830 
High I Slack L w I Slack 

Time 

Cadmium and Nickel Concentra
tions vs. Tidal Condition. 

The patterns observed in a tidal 
cycle sampling of lr-7 3 confirm the ef
fects of the tidal flow as seen in 
Figure 2. The water flow during the ebb 
tide obviously disturbs sediments of 

the contaminated regions resulting in 
increased concentrations of both cadmi
um and nickel in the cove waters at the 
end of the channel from the discharge 
area, The results from 1972 also showed 
this same nattern tor cadmium and nickel. 
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Fourteen of a total of sixty-nine 1973 
water samples contained over 10 ug/1 
dissolved cadiniuin, and all fourteen 
were taken within the dredged area. 
Only samples taken in or near the dis
charge area during dredging in 1972 
gave values higher than these 1973 
samples. 

Cadmium concentrations in the bottom 
sediments of the discharge area and the 
channel to the cove were originally 
reported to exceed 2,500 ng/kg. The 
results trow this study confirm the 
upper limit for this area in 1971 as 
shown in Table II. However, the post 
dredging values for November, 1972, and 
again in 1973 indicate higher metal 
concentrations. The values for samples 
taken toward the far side of the cove 
from the channel also indicate a pos
sible increase in contamination over 
a relatively wide area. Data for raid-
cove saiaples is similar although not 
given here. Calculations indicate 
that the 25 cons of cadmium originally 
estimated to be present in the cove (3) 
are still present but possibly more 
widespread. 

TABLE II. Cadmium and 
Hickel in Bottom Sediments 

Cd, rag/kg dry basis 
Channel Western 
Mouth Cove 

Pre- 2,500-18,400 30-50 
dredging 
Post- <40,000<a) 

Dredging I 
Post- 3,000-50,000 40-970 
dredging II 

P re-
dredging 

Hi, mg/kg dry basis 
800-8,500 7-100 

Post- 30,000-
dredging I 40,000 
Post- 2,000-11,000 60-ri40 
dredging II 
(a) Confirmed in interlaboratory com
parison (1). 

to an earthen dike holding pond. Water 
was carried from the holding pond, via 
an overflow pioe nack to the discharge 
point In the oove. It would S44m »6s-
sible that this produced a recircula
tion rather than a removal of the metals. 
Suspended solids separated from water 
samples taken in 1972 near the dredge 
contained a maximum of 60,000 rag Cd/kg/ 
dry sediment. This value is many tzmos 
higher than any concentrations seen 
when the dredge was not operating. The 
findings of elevated and dissolved cad
mium concentrations in tne discharge 
area in 1973 nay indicate a continued 
effect by drainage from the holding 
pond or a disequilibrium due to dis-
turhance of the sediments. 

conclusions 
The distribution patterns of both 

dissolved and insoluble metals in water 
with resofect to time, tide, and dredging 
demonstrate that both dredging and tidal 
effects have been significant in trans
porting the metals. Sediment contami
nation is both extremely high and wide
spread. The dredging, perhaps because 
of the actual method used, does not 
appear to have had significant benefi
cial effects and may havt accelerated 
the transport of the metal.5 and spread
ing of the contaminated sed.lents. 

Systematic examinations are conti
nuing of the parameters affecting trans
port, chemical activity, bioavailability, 
and possible biological accumulation 
and effects in this system. The defi
nition of these factors will permit 
more logical evaluation and correction 
of similar contaminated areas which may 
occur elsewhere. 
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CADMIUM IN AN AQUATIC ECOSYSTEM: 
EFFECTS ON PLANKTONIC ORGANISMS 

Karen Buehler and Henry I. Kirshfield 
New York University MRdical Center 

550 First Avenue 
New York, New York 10016 

ABSTRACT 
Cadmium, a toxic metal, has been 

shown to be an important contaminant 
at Foundry Cove, located near Cold 
Spring, New York on the Hudson River. 
Its distribution in water and sediments 
and effect on the microzooplankton in 
the area is being studied and evalua
ted. Microzooplankton may well be a 
critical link in the aquatic food web, 
involved in trophic levels utilizing 
nannoplankton such as bacteria, algae 
and protozoans, as food and in turn 
being consumed by larger organisms 
such as fish and their juveniles. The 
microzooplankton, may in turn reflect 
the number and possible composition of 
the nannoplankton populations since 
as grazers or croppers, they represent 
the next trophic level and have the 
advantage of being easily collected, 
observed and quantified. Preliminary 
toxicological studies are in progress 
on species found in the cove. 

INTRODUCTION 
This study was begun in 1971 to 

establish a systematic approach that 
could evaluate interactions between 
microzooplankton populations and the 
effects of metals discharged by Mara
thon Plant, predominantly cadmium. 
Until the completion of the 1973 
sampling program there was virtually 
no information available to establish 
such relationships, particularly those 
pertaining to microzooplankton abun
dance and distribution, that also con
sidered the season, tide and/or cad
mium concentration. 

The information representing avai
lable physical, chemical and biological 
parameters were selectively observed 
and quantified in 1973 between June 
and October. These observations indi
cate that clear cut effects of cadmium 
on the microzooplankton, including 
number and type could not be accurately 
determined. However, season*! and ti

dal fluctuations were found. 

The organisms selected for the to-
xicological studies were from those 
species found in the cove and obtainable 
in pure culture. Two of the three spe
cies include Chlamydomonas reinhardi 
and Euglena gracilis. Both of these 
organisms are unicellular green algae 
and are members of the primary trophic 
level. Euqlena, however, is much lar
ger (lOOu) than Chlamvdomonas (23u). 
The third organism used in the exposure 
studies, was an undstermined ostracod 
specie. Ostracods' are representative 
of the larger microzooplankton which 
are detritus feeders that are most 
often found scrambling on the sedimen-
tal surface. Toxicological tests with 
all of these organisms were done on 
nonexposed laboratory stocks of se
lected species found in the cove. 

All organisms were exposed to 
varying concentrations of cadmium as 
soluble CdCl2 for a period of seven 
days. Concentrations exceeding 1 ppm 
caused total mortality within 24 hours 
for Chlamvdomonas reinhardi and the 
ostracods and those concentrations ex
ceeding 10 ppm had the same effect for 
Euqlena gracilis. The concentration 
that appears to cause major detrimen
tal effects to survival and reproduc
tion without total death are evident 
at 0.1 ppm with Chlamydomonas, at 10 
ppm with Euglena, and at a concentra
tion between .01 ppm and .1 ppm with 
the ostracods. All lower concentra
tions appear to have no appreciable 
effects. 

MATERIALS AND METHODS: 
FIELD INVESTIGATION 

Sampling 
During the first several weeks of 

the summer, the field studies pri
marily tested and evaluated various 
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plankton collecting procedures. The 
procedure selected consists of concen
trating 76 liters of tracer, using a 
#20-76 u aperture net. Two replicates 
were made at each station, then placed 
in 1.5-liter wide mouthed jars in appro
ximately 300 tal of water in a 10% 
formalin solution with Rose Bengal. 
"When feasible, physical and chemical 
data of tidal condition, time, tempera
ture, depth, 0.0., pfi, conductivity, 
salinity and alkalinity were taken. 

Sampling . ,tes 
Sampling was done at ten locations, 

six were within Foundry Cove, one in 
eolith Cove, one in the inter connecting 
canal, and two in the Hudson River 
(Figure 1, excludes Hudson River Sta
tions) . 

The stations in Foundry Cove were 
selected to compare the populations, 
nuiiibers and distribution at increasing 
distances from the Marathon manufac
turing high cadmium outfall area. 
Stations B, 80 and 1. Stations in 
the Ii'udson River, the South Cove and 
the canal were also selected for popu
lation comparison studies in lower 
cadmium-level areas. Twelve-hour 
tidal cycles at one hour intervals 
were collected for diversity and/or 
abundance studies and for seasonal 
fluctuations. For detail of cadmium 
concentrations at various sites, see 
included paper by T. Kneip, G. Re' and 
J. Hernandez. 

Analysis - Counting Procedure 
Three aliguots were counted in a Sedgewick-Rafter cell of each jar at 

50 or 100X magnification. Samples from 
each jar were stored for taxonomic pur
poses. 

MATERIALS AMD METHODS: TOXICOLOGY 
The effects of varying concentra

tions of cadmium have been observed on 
laboratory stocks of Chlan^domonas 
reinhardi*, Euglena gracilis*, and" ar 
ostracod specie*. At present three 
studies were made on C. reinhardi, one 
with E. Gracilis and ttiree on the os-
tracods. A wheat-hay infusion medium 
was used in the ostracod studies, while 
Alga-gro* solutions were used for the 
Algal species. 

For dosage series studies on the 
two algal species,serial dilutions were 
prepared from a stock solution of 1000 
pom cd + + (CdCl2 ), which resulted in lOcc of 100 ppm, 10 ppm, 1 00m, 0.1 opm 
and 0.0001 ppm. Three replicate series 
were set up with a control (no cd). 

Counts of organisms were made ini
tially at 0-hour, then at 24-hour, 48-
hour, 96-hour and 7-day intervals. 
Three replicates were counted in a 
Sedgwick-Rafter cell. The cultures 
were maintained at 29°C under conti
nuous Gro-lu.; illumination. 

For ostracod studies, the test con
tainers used were 4-ounce polypropylene 
cups,** filled with 45 ml of a cadmium 
solution (from 1000 ppm 50 0.00. ppm) 
and ten ostracods. Counts were made 
at the same intervals as the algal 
species. The cultures wern maintained 
at room temperature (24°C ±). 

RESULTS AMD OBSERVATIONS: 
FIELD IHVESTIOATION 

Eight microzooplankton collections 
were made including a tidal cycle. The 
population distribution of microor
ganisms indicates a noticeable decline 
in total numbers of organisms in Sep
tember and October. Rotifers and co-
pepods combined generally comprise 
between 75 and 99* of the total popu
lation i n the sample, which declined 
in October. Populations peak between 
late June and August, presumably due 
to the warmer temperatures. The data 
indicates great variability in the 
'Obtained from Carolina Biological 
Supply Company, North Carolina 
••Obtained from Falcon, Division of 
Becton, Dickinson and Comoany 
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planktonic species 
distribution. 

Ln abundance and from June until August. During Septem
ber and October there is a shift to 
copepod larvae (nauplii) dominance. 

A 12-hour tidal cycle was made at 
Station 1 on October 11, 1973, for any 
tidal effects on planton populations 
and incomplete tidal cycles were made 
on June 28, 1973, at Station 1 and on 
August 10, 1972, at Station 2 (Figures 
2,3, t 4). They represent the rotifers 

0730 09J0 1130 1330 1530 1730 Time 
In In In-CM Oul Out Out Ti«e 

Figure 2. Tidal Cycle at Station 1, 
October 11, 1973 
and copepcds comprising the major por
tion of the population. All three 
cycles show relatively the same trends, 
even though one group may be more a-
bundant. The October 11, 1973, tidal 
cycle (Figure 2) reveals that at ebbing 
tide, there is a gradual increase in 
populations until low slack. This is 
also evident during both the June 26, 
1973, cycle (Figure 3) and the August 
10, 1972, cycle (Figure 4) and may be 
significant. The numbers of organisms 
collected in 1972 were slightly lower 
than those in 1973. 

The genera of rotifers are not dis
cussed separately but compiled as "ro
tifers" in the graphs; similarly for 
nauplius and adult copepod as 'cope-
pods". However in the original count, 
the genera and species were identified 
where possible and recorded. Organism 
dominance may be important should the 
population composition change in the 
future as a result of dredging and cad
mium removal. The rotifers dominated 

• Orgoniwn JUundoncc a 
» Solute CMm.um * 
• SwpmM CMmum j \ 

300 

Figure 3. Partial Tidal Cycle at 
Station 1, June 28, 1973. 

0600 1000 1200 1400 1600 1800 Time 
In Ift In ln-0uf Oul Out Tide 

Figure 4. Tidal Cycle at Station 2, 
August 10, 1972. 

Comparisons between organism abun
dance, soluble cadmium and suspended 



cadmium have been made for the two ti
dal cycles at Station 1, in 1973. The 
June 28 collection is graphically shown 
in Figure 5. Note that the .soluble and 
suspended cadmium levels folLow the 
same trend, with a peak at the begin
ning of ebb. The organism abundance 
increased with the ebb and continued to 
do so at a time when the cadmium levels 
iegan to fall. 

• Rotifers 
* Copepods 

10 tr 

d 

1 

0900 
In 

1100 
Out 

1300 
Out 

1500 1700 Time 
In-Out In Tide 

Figure 5. 
Station 1, 

Variable Comparison at 
June 26, 1973. 

lo.ooo: 

1120 
mOui 

1320 
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1520 
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1720 
0v- T.ae 

Figure 6. 
Station 1, 

Variable Comparison at 
October 11, 1973. 

levels follow the same trend. The 
highest values for cadmium were found 
at Station B and Station 80, near the 
outfall area. Included in Table 1 are 
available sediinental cadmium levels. 
These values can be seen to be ex
tremely high at Station B and Station 
80, and drop at Station 3. An apparent 
increase in organism abundance occurs 
with increasing distance from the out
fall area. 

For a comparison at station 1 for 
October 11 see figure 6. It shows that 
the.trend for suspended cadmium follows 
that of organism abundance; both in
creasing as the tide ebbs. The soluble 
cadmium levels on the contrary, de
crease during the same period. It may 
be significant to note that from 1330 
to 1530 hours the soluble cadmium level 
increases as organism abundance de
creases. This trend reverses from 1530 
to 1830 hours so that when the soluble 
cadmium level decreases, the organism 
abundance increases. 

Tables I and II compare organism 
abundance, soluble cadmium and suspen
ded cadmium at different stations during 
a collection day. The September 27 col
lection is shown in Table I. Note that 
the soluble and suspended cadmium 

TULE 1. coaparieon of oraanlaM abuadanca. 
Soluble cd and fuapandad Cd 

Station-
Ttda 

SaptaaDar 37, 1*73 

orqaniaa 
Abundanca Solubla suaaandad 
(par 7C caoaluai cadaiuw 
lltaral (u«/ll lra/1) 

4,000 7.3 30.9 
1,300 7.2 17.2 
3,400 l.» 3.2 
17,500 3.2 5.0 

<PF»> sadiawntal 

B-in 
10-in 
l-in 
3-out 

SaptaaDar 37, 1*73 

orqaniaa 
Abundanca Solubla suaaandad 
(par 7C caoaluai cadaiuw 
lltaral (u«/ll lra/1) 

4,000 7.3 30.9 
1,300 7.2 17.2 
3,400 l.» 3.2 
17,500 3.2 5.0 

13,000 
13,700 

41*. 0 

The results of the October 25 col
lection are shown in Table II. As on 
September 27 (Table I), the soluble and 
suspended cadmium levels have a similar 
trend. Cadmium levels are lowest as 
distance increase? from the outfall 
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area, primarily Stations OC, HR (FC), HR 
(SC, and 7. However organism abundance 
seems to vary indiscriminantly from sta
tion to station. However at Station B 
where the soluble cadmium concentration 
reaches peak, the organism abundance is 
lowedt. 

TaMS II . Coaaariaca «t orfaaian ttmaaanea, 
Oolakla Ci aal tint m i I a 

• » , 1*79 

Orfaalan 
mjuaOMii '• Solatia •uapaaaad 
'Jar 70 Caaulaa Catalan 

IMMfTTMf u.wm HOOL. IW/'I 
1 - la 4100 7.7 10.1 
1 - la 1 M 9.0 o.s 
OC - la I N C « l . » 
M I K I - la axe < 1.0 
•HOC) - in MOO « 1.0 
1 - 1» 1000 «!» < 1.1 
a - la -> oat 3150 < 1.0 
• - out 1100 5.0 
•0 - oat 1100 7.S 
1 - oat 1400 « i . t 1.0 
1 - oat 2100 1.0 

A comparison is made between orga
nism abundance and bottom sediment cad
mium levels from October 25 (Table III). 
Again cadmium levels decrease with in
creasing distance from the outfall, 
reaching the lowest level at Station 
BR ISC) and Section 7. The population 
abundance appears not to vary signi
ficantly with the sedimental cadmium 
concentrations, but note that at Station 
B where the cadmium concentrations peak 
at their highest levels, the organisms 
abundance declines to its lowest point. 

Itatloa-Tlda 

3 - la 
OC - In 
aaiac) - in 
7 - In 
A - in -»out 
B - out 
00 - out 

T a n * I I I . Orfanlaa akandanea 
Varava CaoBlua l a feOiaant 

Oetobar 25 , 1073 

Oroanian 
Muaoanea Cadaiua 
(par 70 in Sadiaant 
l l t a r i ) (Em) 

4300 0000 
2300 4S0 
1000 450 
2000 12 
1000 10 
3000 100 
1100 14000 
1700 0000 

Statistical Analysis 
During 197 3, two replicate samples 

were collected at each station and sub-
sampled three tiio.es ior organism counts. 
The mean and standard deviation were 
calculated for each replicate and an 
independent t-test was run to see whe
ther the two replicates from each sta
tion were statistically similar. The 
critical t-value used was 2.78 for 4 
degrees of freedom (3 subsamples - 1 
« 2df for replicate #1 and 3 subsamples 
- 1 » 2df for replicate *2,.-.2df <• 
2df * 4df). The combined mean and 
standard deviation, with a 95% con
fidence interval of the two replicates 
were calculated and converted to login 
form. The means were averaged according 
to station. The 95% confidence inter
val was determined for each geometric 
mean. 

Calculations show that there are no 
apparent differences in the populations 
between stations through the 1973 sam
pling period. The error bars about the 
means are large, which was expected 
since n (f of times samples were taken 
at a station) was usually small, ran
ging from 3 to 15. 

RESULTS: TOXICOLOGY 
The acute dose response to cadmium 

is shown in Figures 7-9. The values 
that were used for graphing the algal 
data are the average number of orga
nisms from three counts per test tube 
observed in the microscopic field un
der 100K magnification. The values 
that were used for graphing the ostra-
cod data represent percent mortality, 
which was based on exact numbers coun
ted within each test container. The 
results obtained for the replicates 
were averaged together. 

Two of the three tests on C. rein-
hardi appear to show similar results. 
Data of one study is shown in Figure 
7. In both tests, total mortality 
occurred within 24 hours in concentra
tions exceeding 1 ppm. Death eventual
ly occurs at 1 ppm. Apparent growth 
inhibition occurred at 0.1 ppm. As 
expected the lower concentrations 
showed decreasing effects. 

Cadmium toxicity on Euqlena gra
cilis is shown in Figure 8. Concen
trations exceeding 10 ppm caused im
mediate death. Growth decrease was 
evident with the 10 ppm solution, with 

http://tiio.es
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Figure 7. Toxicology: CdCl, on Chla-
mydomonas reinhardi 
some recovery after 48 hours of expo
sure. No effects of concentrations 
lower than 10 ppm were found. 

Similar results were obtained from 
the £. reinhardi and E. gracilis stu
dies. One concentration distinctly im
paired survival without killing all of 
the organisms. The results indicate 
that Euglena appeared to be more able 
to withstand higher cadmium concentra
tions than Chlamydomonas (approx 100X). 

Cadmium toxicity on ostracods is 
shown in Fiqure 9 and is representa
tive of two other tests done on these 
organisms. Those concentrations ex
ceeding 1 ppm caused immediate death of 
all organisms. Death eventually occurs 
with organisms exposed to 1 ppm. Mor
tality is high with the 0.1 ppm solu
tion in one study, while total mor
tality occurred after 96 hours in an
other study at this concentration. As 
expected, lesser effects were found at 
concentrations of 0.01 ppm and below. 

* — I 
• — • Control 
• — • OOOOtppm 
* - - - * 0001 pptn 
• - - • 001 ppm 

Olppm 
o — o 10 ppm 
A - - A lOppm 
© - - » lOOppm 

Ohr 24hr 48hr 72tir 96r» 7da» 
Time of Eiposure 

Figure 8. Toxicology! CdCl2 on Eug
lena gracilis. 

Ohr 24hr 481* 72hr 
Eiposure 

Figure 9. Mortality - CdClj on Ostra-
coda - April 22-29, 1974. 
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DISCUSSION: FIELD INVESTiGAT: U 

The samples collected in the field 
primarily consisted of rotifers and co-
pepods. During most of the sampling 
period the abundance of rotifers ex
ceeded that of the copepods. The maxi
mum density of rotifer populations ap
pears to be closely correlated with the 
relative amount of available substrate 
and exposed surfaces. Presumably this 
is associated with food, attachment 
protection and predation (Pennak, 1953). 

Figures 2.3 and 4 all show a large 
increase in the number of organisms, 
primarily rotifers, as the tide ebbs. 
With water depth decrease it is pro
bable that sediment stirring occurs, 
accounting tor the presence of epiben-
thic rotifers and other organisms. 
This possibly explains the increase in 
populations at low tide. 

Figured 5 and 6 show no consistent 
relationship between suspended or sedi-
mentai cadmium levels and organism abu
ndance. Uncertainty exists as to a 
causal relationship between soluble 
cadmium and biotic population levels. 
During ebb tide, the soluble cadmium 
levels drop while the abundance of or
ganisms increases, possibly due to 
sedimental stirring in shallow water 
and reduced soluble cadmium levels. 
Plankton also move with or are moved by 
the currents; therefore their residence 
time in any particular spot, including 
highly contaminated areas, may be re
latively short and tnus may not show 
immediate environmental effects. Sta
tistically there seems littie diffe
rence in populations between the dif
ferent stations. 

DISCUSSION; TOXICOLOGY 
The results of the toxicity tests 

are shown op Figures 7 through 9. Note 
that the critical cadmium levels which 
noticeably irpair the growth of the 
phytoflagellates were 0.1 ppm for 
Chlamydomonas and 10 ppm for Euglena, 
indicating a possible greater" sensi
tivity of Chlamydomonas reinhardi to 
soluble cadmium. Soluble cadmium 
values from field samples, for Stations 
B, 80 and I show concentrations that 
range from 2.4 to 40.4 yg/1 or 0.002 
to 0.040 ppm, which aie lower than the 
critical cadmium concentration for 
Chlamydoinonas and Euglena. Therefore, 
the soluble cadmium levels, if avail
able to biota in Foundry Cove, nay not 
exist in large enough concentrations to 

elicit an acute harmful response in the 
resident or transient plankton popula
tions of there species. 

The reasons why Eurlena may be 
more tolerant than Chlamydomonas is as 
yet undetermined. The organism is, 
however, larger and structured differ
ently. A simple surface/volume varia
tion might account for the difference 
in sensitivity. Further, the Fuglena 
tests were done in a Tris buffer system. 
This is an organic compound from whicl 
the Fuglena may extract nutrient 
materials. 

At the present, the ostracods 
appear to be in the same range of sensi
tivity to cadmium as Chlamydoinonas. 
The 0.1 ppm concentration is definitely 
detrimental to their survival, but 
their reaction to 0.01 ppm is question
able when the results of the 3 differ
ent tests are compared. 

The above preliminary experiments 
indicate that growth and reproduction 
may represent a more sensitive measure 
of cadmium (or heavy metal) toxicity 
than the conventional LC 5_ or mortality 
studies. 

CONCH'S IONS 
In 1973 microbiota collections 

were made at Foundry Cove. The major 
groups were found to be rotifers and 
copepods. A tidal and seasonal effect 
was shown to occur, but an effect due 
to cadmium is questionable at this 
time. Two species of unicelljlar 
green algae and species of ostracod 
were used in preliminary toxicity 
studies and critical cadmium concentra
tions were observed. 

Field collections of plankton were 
continued during 1974. The results 
obtained will assist in a continued 
evaluation of the possible interactions 
of environmental factors especially 
cadmium affecting this population. 
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EFFECTS OF SOIL PROPERTIES ON Pb UPTAKE BY CORN AND EFFECTS OF Pb AND Cd ON CORN 
ROOT ELONGATION* 

J. E. Miller, J. Hassett, D. E. Koeppe, G. L. Rolfe and G. L. Wheeler 
INSTITUTE FOR ENVIRONMENTAL STUDIES 

University of Illinois at Urbana-Champaign 

Abstract 

The uptake of Pb into the shoots of six 
week-old corn plants was found to decrease 
with an increase in soil pH, cation exchange 
capacity (CEC), and available phosphorus. 
The Pb effects on growth of the corn plants 
were not as clearly related to these soil 
properties as was the upta:;e of Pb, although 
the greatest reduction of giowth was seen in 
the low CEC and low pH soil-;. An experiment 
on corn root growth indicated that concentra
tions of Pb and Cd which by themselves would 
not inhibit root elongation did cause an 
inhibition when added together. A preliminary 
model of the Pb and Cd effects on root growth 
is presented. 

Introduction ' 

A previous study on Pb uptake and toxici
ty by Miller and Koeppe* demonstrated that 
corn plantP will accumulate large amounts of 
Pb when it is supplied to them in sand culture. 
The same study demonstrated that as little as 
24 ug Pb/g of sand caused a stunting of growth 
under phosphate deficient conditions. Several 
workers have indicated that although the Pb 
content of soil is raised substantially, the 
Pb accumulation of plant tops remains quite 
low.2,3,4,5 However, other workers have found 
substantial accumulation due to soil contami
nation. 6,7,8 j o n n 9 attempted to correlate Pb 
uptake of lettuce and oats to soil factors and 
found that soil pK was an Important parameter 
in predicting plant Pb, although no relation
ship with organic natter was observed. RolfeS 
demonstrated that soli phosphate levels 
affected Pb uptake by tree seedlings and sug
gested that further research should be done on 
soil factors affecting lead mobility. 

Cadaiua uptake and toxicity to plants is 
also well documented.10.H.12,13,14 T t 

appears fron these studies that Cd is more 
toxic than Pb and probably more mobile in the 

the soil and plant. However, as with Pb the 
soil conditions affecting its uptake by plants 
need to be further described. 

The following report describes a study 
presently underway to define the importance of 
soil cation exchange capacity (CEC), pH, and 
available phosphorus (Bray Pi test) on Pb up
take by corn plants and its toxicity, as these 
properties have been related to Pb binding by 
soils.15 in addition, preliminary results 
concerning the interaction of Pb and Cd on 
corn root growth are included. 

Methods 

A seric-s of I l l i n o i s Soils {Table 1) were 
selected to provide a range in three charac
ter i s t ics (P level , CEC, and pH) believed to 
be important in the plane uptake of Pb. 

TABLE 1. Characteristics of E:tperimental Soils 

Soil Textural 
Class CEC Bray P. pH 

1 Cisne si. 1. 6.8 82 4.5 
3 Cisne si. 1. 8.5 107 6.1 
4 Cisne si. 1. 6.7 33 7.0 
4L Cisne si. 1. 6.7 33 7.9* 
5 Cisne si. :.. 7.9 64 6.0 
6 Cisne si. 1. 7.7 9 5.5 
8 Sidell si. 1. 15.9 76 6.5 
9 Druimnel: si.c.l. 30.3 44 6.1 
10 Bloomileld 1. s. 2.3 125 5.7 
11 Cisne si. 1. 8.0 32 6.4 

* S o i l 4 w i th 1% CaCO, 

Finely divided PbCl, was added to the 
soils at rates of 0, 2507 500, 1000, and 2000 
\ig Pb/g soil. The soils were fertilized with 
the equivalent of 150 ibs/A of N and 100 lbs/ 
A of K. Phosphorus fertilizer was not added 
as the effect of available P was one factor 
to be tested. After adding fertilizer and Pb 
to the soils they were throughly mixed in a 

"Work supported by National Science Foundation 
RANK Grant 31603. 
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mechanical mixer and 500 g of each soil was 
placed into 4" x 4" pots. There ware three 
replications of each Pb and soil combination. 
Soils were watered to field capacity and al
lowed to dry 4 times to allow the Pb to react 
vitli the soil. 

Pots were then planted with corn and 
thinned to two plants per pot following 
emergence. Six weeks after emergence the 
shoot portion was harvested for Pb analysis. 
The corn plants were dry ashed at 490°C for 
4 hours after allowing 4 hours for the muffle 
furnace to heat from ambient to 490°C. The 
ash was taken up in 3N HC1 that had been 
diluted from constant boiling HC1. Lead was 
determined by atomic adsorption. 

In the root elongation studies corn was 
grown in flats containing Bloomfield loamy 
sand with PbCl- and CdCl2 at the indicated 
concentrations. The metals were added as 
solutions and allowed to react with the soil 
for a week before planting. The soil had 2.1 
X organic matter, a CEC of 2.3 m. eq./lOOg, 
a Bray P, test of 56, and a pH of 5.7. It 
had a binding capacity as measured by adsorp
tion Isotherms and leaching experiments of 
9.7 ymole Pb and 5.2 pmole Cd per g dry 
weight of soil. Fifty com seeds were plant
ed per flat and watered dally with diBtilled 
water. On the third, fourth, and fifth day 
10 seeds were removed from each flat and 
the length of the radicle determined. 

RESULTS & DISCUSSION 

I. Lead 

The effects of the three soil variables 
(CEC, pH, and available P) on the Pb content 
of six-week-old corn plants are illustrated 
in Table 2. The Pb content of the plants 
generally decreased as ^EC, pH, and Bray P. 
test values of the soil increased. Hassett 
15 related these soil properties to the meas
ured Pb sorption capacities of the soils 
used in these experiments and expressed the 
results in the following regression equation. 

"Pb = -34.3 + 0.0774 P. + 5.358 pH 
+ 5.337 CEC (1) 

where Pb is the predicted sorption capacity 
In tfmolei Pb/g soil, pH is soil acidity, CEC 
is cation exchange capacity in m. eq./lOO g 
of soil, and P. is extractable P in pp2m. 
The Pb of the soils used in this experiment 

TAPLE 2. Accumulation of PL In Shoots of Corn Grov.ii oa 
S o i l s Attended with PbCl , . r f f e c t s of Soi l CEC, pH, and 
bray P. Ext rac tab le P 

Added Pb (lift/g t r y weight of soil.) 

IV 13 27 17 
J 10 23 36 

1? 26 80 120 
9y 220 422 4P83 

1.1 23 61 43 
19 37 61 101 
i:. a so 120 
6L 58 170 249 

pH S e r i e s 

Bray P. Se r i e s 

6 3 17 30 81 233 
-Mg Pb/g dry weight of t i t s u e ; average of 3 r e p l i c a t e s 

were calculated from the soil pH, CEC, and 
Bray P, values from Table 1. From this the 
ratio of total added Pb to predicted sorption 
of lead (Pbt/Pb ) was obtained and is plotted 
versus Pb (total plant lead) in Figure 1. 
This relationship illustrates that the approx
imate amounts of Pb uptake by six-week-old 
corn plar.ts from PbCl2 amended soils can be 
predicted based upon knowledge of the perti
nent soil ; properties. Lead which has been in 
the soil over a period of time may behave dif
ferently in this respect and further investi
gation is in progress pertaining to this 
question. 

The plot of fresh weight of six-week-old 
corn plants vs. Pb added to the soil (Figure 
2) clearly demonstrated that the effects of 
Pb are dependent on the soil typ». For 
example, growth was greatly reduced in soils 
10 and 1 with increasing Pb levels while in 
soils 8 and 9 little difference, if any, was 
noted with increasing Pb. Since CEC, avail
able P, and soJl pH are soil variables modi
fying available Pb, the following was an 
attempt to express Pb effects as a function 
of these variables. 

To quantiry the effects of Pb on fresh 
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Figure 1. Lead in corn shoots (Pbp) vs. the 
ratio of total added Pb to the predicted 
sorption of Pb(Pbc/Pbs) 

weight, fresh weight was regressed against 
linear, square, and cubic terms for Pb for 
each of the 7.0 soils. The resulting coef
ficients are in Table 3» Coefficients follow
ed by an asterisk are significant at the 5% 
level. 

To determine if the coefficients in Table 
3 could he expressed as a function of the 3 
soil variables, the coefficients were regress
ed against linear, 2 factor and 3 factor in
teractions for CEC, available P, and pH, A 
search of the 7 combinations of the variables 
demonstrated tliat only the 3 factor interac
tion was si^kiifleant (Qt « .05), In each case 
about 40£ of the variation can be attributed 
to the 3 factor interaction. The model for 
lead effects in the 10 soils 1B: 

b + CEC*P*pH(-0.032 Pb + 0.077 Pb 
- 0.00055 Pb 3) 

Figure 2. The effects of Pb on the fresh 
weights of six-week-old corn shoots. 
TABLE 3. Regression Coefficients for the 
Response of Fresh Weight of 6 Week-Old Corn 
to Pb 

Regression Coefficients 

Soil Pb p ^ ! a! 
1 .72* -.45 -.03 
3 -3.43* . .75 -.05 
4 -5.60* .06 -.005 
4L -3.11* .74* -.05 
5 5.60* -.02* .10* 
6 -.52 .08 -.006 
8 .42 -.21 .02 
9 1.30 -.20 .005 
10 -11.1* 2.62* -.18 
11 -.63 .11 -.008 

(2) 'Significant at a - .05 
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where Yj is the fresh weight of six-week-old 
corn in soil i, and b Qj is an intercept for 
soil i. 

At this stage the model is empirical. 
Further work is necessary on the factors that 
govern Pb mobility and activity. 

II, Lead-Cadmium Interaction on Corn Root 
Elongation 

The possibility of a Pb-Ci interaction on 
corn growth was tested by measuring root elon
gation in the presence of Pb, Cd, and combi
nations of concentrations of the two metals. 
The effects of Pb and Cd separately and in 
combination for five-day-old corn roots are 
shown in Figure 3. 

Cd Concentration (pa/g soil) 

Figure 3. Effects of Cd and Pb in soil 
Cug/g soil) on the elongation of corn roots 
at 5 days. 

In the concentration ranges shown Pb or Cd 
separately did no": significantly affect root 
elongation, howevar in combination a negative 
interaction was apparent. 

The reasons for th*s effect are not ap
parent from this work, but a number of pos
sible explanations exist. For example, it 
might be that the metals are affecting separ

ate biochemical pathways or physiological 
processes. The inhibition of one or the other 
separately might not lead to immediate reduc
tion of radicle elongation, but the Inhibition 
of both would. ThiB was suggested for fluor
ide and copper interactions on the respiration 
rate of Chlorella vulgaris!^. Also, it may 
be that the Pb imposed enough osmotic stress 
on the corn to make the roots more susceptible 
to Cd, althought the majority of the Pb should 
have been adsorbed to soil surfaces and/or 
precipitated with phosphate under these condi
tions. Another possibility is that one metal 
in some manner caused increased uptake of the 
other by the radicles. This possibility is 
not easily tested since root surface sorption 
of the metals tends to mask true accumulation 
even when the roots are thoroughly washed. 

Regardless of the explanation for the 
interaction, it is apparent that in studies of 
heavy metal toxicity related to environmental 
effects, it is important that the studies be 
extended to take into account possible inter
actions such as have been observed here. 

To develop a model incorporating the 
effects of Pb and Cd on root growth, we made 
the initial assumption that the growth of 
corn roots (•" five days is exponential or 

dW - rW (3) 
dt 

where dW is the time rate of change, W is the 
dt 

length at time t and r is the growth constant. 
The integral of this function is: In W * In 
W 0 + rt. To estimate the values of lnW0 and 
r, InW was regressed against time (3 days) 
for each of the 16 combinations of Pb and Cd. 
These values are listed in Table 4. To 
express r as a function of Cd and Pb the val
ues foi: r from Table 4 were regressed against 
Cd, Cd 2, Pb, Pb 2, at.d Cd*Pb. 

The result of the analysis suggest that 
r can be expressed as a function of Cd 2, Pb 2. 
and Cd*Pb in the following way: 

r - .73 -0.003 Cd 2 - 0.0000018 Pb 2 

- 0.00011 Cd*Pb (4) 

with a variance of 0.0056 and a correlation 
coefficient of 0.96. 

If the assumptions of exponential growth 
are valid, then In W ĉ r. be estimated as the 
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TABLE 4. Estimated Initial Length and Growth 
Rates of Corn Roots for Treatment Combination 
of Cd and Pb 

Treatment 
Combination 

(ug/g) 

Initial 
Length 
(In iy 

Growth 
Rate 
r 

Cd Pb 
0 0 -1.0 .77 
0 100 -1.4 .84 
n 250 -1.4 .82 
0 500 -.9 .56 
2 0 -1.2 .81 
2 100 .1.1 .76 
2 250 -1.0 .69 
2 500 -.9 .55 
5 0 -1.2 .79 
5 100 -2.2 .96 
5 250 -1.5 .76 
5 500 -.8 .27 
10 0 -1.4 .82 
10 100 -.7 .63 
10 250 -1.2 .63 
10 500 -.04 .04 
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mean of the estimated values from the 16 re
gressions. For this data set the value is 
-1.13. 

The final growth model is 

« - 0.323 exp" (5) 
where W is root length in cm, and r is growth 
rate as defined in equation 4 and t is time. 

This model was developed to investigate 
the effects of Cd and Pb on early root growth 
when the assumption of exponential growth 
should be valid. Additional work is needed 
to determine how Cd and Pb affect the para
meter values of such a function, or how dif
ferent soils modify the effect of Cd and Pb. 
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LIFE, LIBERTY AND THE PURSUIT OF LEAD: THE IMPACT OF LEAD 
MINING AND MILLING ACTIVITIES ON AQUATIC ORGANISMS 

Nord L. Gale, Paula Morcellus and Gary Underwood 
The University of Missouri-Rolla 

Rolla, Missouri 

Abstract 
A study of the various environ

mental factors and current industrial 
practices which may affect stream con
ditions in Missouri's New Lead Belt has 
led to the conclusion that the most 
serious threats to aquatic life and 
those most likely to cause serious 
community alteration are: 1) the re
lease or escape of finely divided 
particulate material (gangue) with 
varying amounts of residual heavy 
metal ores, and 2) the release of toxic 
milling reagents into receiving streams 
as the result of inadequate treatment 
of tails. The presence of increased 
amounts of silt are sufficient in some 
cases to account for elimination of 
benthic conditions appropriate for 
normal community development and per
petuation. The results of preliminary 
toxicological studies utilizing several 
common organic milling reagents and a 
number of stream organisms are present
ed. There is little analytical data 
available relative to actual concen
trations of residual milling reagents 
in tails or effluents, but simple 
calculations based on known additions, 
amounts of ore treated, and volumes 
of water involved suggest that extreme 
care should be exercised to provide 
adequate treatment or recycling to 
avoid adverse effects in the receiving 
streams. Significant differences in 
toxicity of functionally-related com
pounds should be explored to select 
the least toxic reagents where possible 
to diminish the potential hazards to 
aquatic organisms. Aquatic vegetation 
and leaf litter material have been 
shown to bind large quantities of 
heavy metals, especially lead, in the 
vicinity of industrial activities. 
Available evidence suggests that the 
lead is bound to the anionic sites on 
the surface of aquatic plants or in 
leaf litter by a process of ion ex
change. Ion exchange capacities of 
•ixed live algal cultures, utilizing 
lead acetate in solution applied to a 
packed coliaui of algae have been deter

mined, and average approximately 
65 meq/100 grams dry weight. Similar 
cation exchange capacities for leaf 
litter collected in the vicinity of a 
smelter approximate 180 meq/100 grams 
dry weight. 

Bound lead in field or laboratory 
specimens was removed by washing with 
ethylenediaminetetraacetate <EDTA) in 
concentrations as low as 0.01 M at pH 
7.5. The results of analyses of var 
ious consumer organisms have indicated 
no biomagnification of lead in the 
grazing food chains involving aquatic 
vegetation heavily laden with lead in 
or near industrial tailings systems. 
The elevated total body concentrations 
of lead in fish, tadpoles, crayfish, 
and aquatic arthropods captured in 
or near such tailings operations 
largely reflect the complexed metals 
associated with the gastrointestinal 
contents, with some additional lead 
bound or chelated to the mucous mem
branes of gills or mucous covering 
body surfaces. The increased level 
of stream productivity in some tailings 
systems known to have high heavy metal 
content in sediments and bound to 
aquatic vegetation suggest that the 
presence of heavy metals along cannot 
account for serious stream alteration 
or absence of typical consumer organ
isms in other problem industrial sites. 

It is unlikely under the attendant 
set of physical and chemical conditions 
in Ozark streams that lead toxicity is 
or will become a problem to aquatic 
life forms. There is a greater pro
bability, though difficult to predict 
exactly, that some normal stream 
organisms or communities may be adver
sely affected by the observed levels 
of zinc, copper and manganese. Fur
thermore, the observed concentrations 
of zinc and copper in some receiving 
streams approach the established 
toxic limits. 
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Introduction 
The development and impact of the 

world's largest lead and zinc pro
ducing region witnin the Ozark Moun
tains or southeastern Missouri have 
been the fo^al points of cooperative 
effort and watchful scrutiny since 
industrial operations began in 1968. 
Industrial representatives and teams 
of investigators from a number of 
state and federal agencies have shared 
in the collection of pertinent data, 
analytical procedures, and in the 
institution of corrective measures to 
alleviate real or potential problems. 
It is a source of satisfaction to all 
concerned that after six years of 
full-scale operation, and despite 
being the largest lead producing 
region of the world, the New I ~ad 
Belt regains one of the most beautiful 
parts oi the nation. 

The utilization of abundant min
eral resources obviously can and should 
be compatible with the development of 
other natural resources and preser
vation of the environmental qualities 
important to all of us. This goal of 
compatability, however, is not auto
matic. It commands constant vigilance 
by industry — continual self exami
nation to establish procedures optimi
zed not only for economic profit, but 
also optimized with regard to environ
mental effects. It is the intent of 
the present paper to provide obser
vations and data which may be useful to 
industry and interested regulatory 
agencies as they attempt to achieve 
and maintain those optimized condi
tions. 

Mines and Environment 
The operations of the mines in 

the New Lead Belt present few pro
blems to the environment. The excess 
mine water generally stimulates photo-
synthetic productivity at the surface 
in the settling ponds and receiving 
streams, but increased productivity is 
not necessarily objectionable. The 
most significant threats to surface 
ecology presented by the mines are in 
the forms of: a) petroleum wastes and 
spills incurred during operation of 
underground equipment, and b) fine 
particles of ore carried to the surface 
by the pumps. These problems are 
effectively controlled by proper main
tenance policies underground and 
simple settling ponds for removal of 

particles. Aquatic vegetation within 
the settling pond and decant ditches 
assist in this procedure. 

The "Tails" of the Mill 
The mill with attendant reagents, 

products and wastes, on the other hand 
is undoubtedly the larger environ
mental concern. A brief review of 
milling procedures is perhaps in order 
as we attempt to identify potential 
ecological hazards. The ore is blasted 
loose and crushed underground to a 
size that is convenient for convey
ance to the surface. At the surface, 
the ore is crushed again so that as it 
enters the mill the particles are less 
than an inch in diameter. A number of 
milling reagents; frothers, activators, 
promoters, depressants, etc. (See 
Table 1) are added along with water 
and the ore is crushed again in rod 
mills or ball mills to produce a very 
fine slurry. The ore mixture is 
then subjected to a series of flota
tion cells where injected air creates 
a froth which carries certain minerals 
to the surface while leaving other 
minerals and rock gangue in the bulk 
suspension. By successive flotation 
procedures the lead, zinc, and in 
some cases copper sulfides are separa
ted and concentrated. The finely 
ground rock particles and unrecovered 
minerals are taken as a slurry to the 
tailings ponds, while the concentrated 
mineral salts are taken to the thick
eners. In the thickener vat, specific 
depressants are added to permit the 
settling of the mineral particles and 
decantation of the liquids. The 
liquid wastes are sometimes recycled, 
or alternatively, taken to the tail
ings pond. 

There is considerable variation 
from one company or operation to ano
ther in a) the quantities of ore 
treated, b) the type and amount of 
milling reagents employed, c) whether 
copper concentrate is produced, d) 
the manner in which the tails, thick
ener overflows and excess mine water 
are handled, and e) the number and 
placement of settling ponds, tailings 
ponds, and other treatment devices 
prior to the release of industrial 
effluents. Some mills attempt to 
recycle the mill waters, others do 
not. Total recycle is extremely 
difficult, if not impossible to 
achieve, and the eventual possibility 
of legislating and enforcing "zero 
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discharge" of effluents poses some 
difficult practical problems. Current 
practice in the construction of tail
ings dams involves the use of cyclone 
separators designed to separate the 
coarse particles from the tailings 
slurry and deposit them in the body 
of the dam. Fine particles and liquid 
wastes are released on the upward 
side of the dam, but considerable 
leaching cannot be avoided. The 
occasional accidental release of the 
liquid wastes off the front face of 
the dam should and could easily be 
minimized or eliminated. The toxicity 
of residual milling reagents in the 
tails or leachates as just described 
is a factor which can cause consider
able environmental concern. The 
release of such residual milling 
reagents, and the release of consid
erable particulate material including 
unrecovered heavy metal salts consti
tute the environmental threats posed 
by the mill. 

Problem: Silt and Heavy Metals 
in Industrial Effluents 

The release of finely ground 
rock particles and some vagrant 
mineral particles from the settling 
ponds and tailings ponds is worst 
during periods of heavy storms, but 
accumulates in the benthos to a 
greater extent under less turbulent 
conditions. The magnitude of silt 
accumulation varies from one situa
tion to another, and may be comple
mented by additional precipitation or 
co-precipitation of dissolved minerals 
as industrial effluents mix with 
natural surface waters. No attempt 
has been made to estimate the exteit 
of such contribution to silting in 
New Lead Belt streams, but should per
haps merit some attention. The accum
ulation of silt has, on occasion, 
achieved such density as to seriously 
alter normal stream communities. The 
turbulence of winter stream flows 
usually achieves at least annual 
resuspension and redistribution of 
stream sediments. Studies have been 
made by Jennett and his colleagues to 
assess the heavy metals content and 
distribution patterns in the sediments 
of receiving streams, and reservoirs, 
as well as in the tailings treatment 
system itself. 

The ability and tendency for 
local producer organisms, living or 
dead, to trap and concentrate vagrant 

Heavy metals have been observed in both 
terrestrial and aquatic environments 

. I n the aquatic environments 
under study in the New Lead Belt, 
quantities of lead associated with 
aquatic vegetation have exceeded 
74,000 ppm (dry weight basis) at the 
point of mine water discharge, and 
more than 8,000 ppm at the discharge 
of some tailings ponds. Roadside 
vegetation along heavily traveled 
highways and especially along ore or 
concentrate haulage routes have also 
shown high lead content. Bolter has 
reported that in the heavily forested 
area around the smelters and concen
trate storage piles and haulage routes, 
heavy metal pollutants are concentrated 
mainly in the leaf litter. Very little 
of the heavy metals are found in 
the underlying soil. In both 
aquatir and terrestrial situations, 
the degree of heavy metal contamination 
of vegetation decreases with distance 
froa the source, and little is known 
about the eventual fate of such heavy 
metals over relatively long periods. 

The consistency of association of 
heavy metals with living, dead, or 
decomposing plant material emerges in 
all these studies, with few obvious 
variations which can be traced to 
differences in source or the initial 
chemical nature of the heavy metals. 
The exact nature of the association of 
lead with plant materials, possible 
exchange and eventual disposition 
are as yet unanswered questions. These 
questions and others related to poten
tial food chain concentration have 
posed challenging problems in the 
effort to establish rates and routes 
of dissemination of potentially toxic 
substances in the surrounding environ
ment. Further serious questions arise 
related to possible physiological 
effects of elevated levels of lead, 
zinc, copper, and manganese* in or on 
the various trophic levels of aquatic 
and terrestrial communities affected 
by the lead industry. 

The heavy metals are most commonly 
introduced to stream biota as sulfides, 
or less likely as the sulfates, car
bonates, or phosphates — all of which 
are quite insoluble in the hard and 
slightly alkaline stream waters. The 
presence of abundant anionic sites 
known to be present in cell walls 
and surrounding matrix provide ample 
opportunity for ion exchange. The 
electron microscopic studies reported 
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by Malone, et a_ll > suggest that when 
hydroponically-grown corn roots are 
treated with dissolved or chelated 
lead, insoluble lead particles appear 
in isolated membrane-lined vessicles 
within the root cells. Few vessicles 
containing lead were found in stems 
or leaves. More recent autoradio
graphic studies by Rule, et al ', on 
the other hand, indies e tEat some of 
the lead applied as lead nitrate to 
leaves of radishes and lettuce may 
enter the vascular tissue of the plant 
and be transported to other plant 
structures. The lead which remains 
associated with aquatic vegetation in 
the receiving streams of the Hew Lead 
Belt is believed to be bound primarily 
to the surface. Extensive washing of 
the plant material in distilled, tap, 
or stream water Cails to remove the 
bound lead. Washing with ethylene-
diaminetrtraacetate (EDTA) at pH 7 
to 7.5 in concentrations as low as 
0.01 H effectively removes most of 
the associated lead without cell 
rupture . ?he results of laboratory 
studies in which filamentous algae or 
leaf litter were used to pack columns 
which then served to determine cation 
exchange capacities are shown in 
Figures 1 through 4. The ability of 
either live or dead plant matter to 
bind soluble lead salts is obvious, 
even in the presence of abundant mono
valent cations which do not interfere 
with the selective binding of the lead 
ions. Once the lead was bound to the 
column of plant matter, washing with 
water or sodium acetate solution was 
relatively ineffective in removing the 
heavy metal. However, EDTA at concen
trations as low as 0.01 H was found to 
effect its rapid removal. Cation 
exchange capacities based on 
these column studies were calculated 
to approach 6S meq/100 g for the fil
amentous algae (dry weight basis) and 
180 meq/100 g of dried forest, litter 
material. From these data, it is 
apparent that those concentrations of 
lead reported in forest litter by 
Bolter and found in aquatic vegetation 
do not often approximate the total 
cation exchange capacity of the vege
tation involved. Control columns 
using glass wool with overlaying lead 
sulfide (concentrate) indicated vast 
differences in the leaching rates of 
chelated lead from insoluble particu
late material (PbS) and the removal 
of lead bound to the surface of plant 
material by washing with EDTA. 

Two Mills in Comparison 
The amount and variety of consumer 

organisms vary remarkably from one 
situation to another. In some opera
tions, the seasonal algal blooms reach 
problem proportions, and this usually 
occurs in the absence of normal con
sumer populations. The increased 
productivity encouraged by industrial 
effluents has occasionally created 
unsightly conditions for several 
miles downstream as unusual and dense 
algal communities bloom and lead to 
undesirable patterns of succession. 
On the other hand, increased produc
tivity in some operations has only 
served to maintain encouraging condi
tions for increased numbers of game 
fish. It is doubtful that vagrant 
heavy metals are responsible for the 
remarkable differences in community 
development in various streams, since 
comparable amounts of lead, zinc and 
copper have been found in virtually 
all receiving streams, or at some 
point within the treatment system where 
normal consumer organisms and typical 
desirable communities are established. 

Figure 5 is .a.schematic borrowed 
from Dr. Jennett to show the arran
gement of tailings ponds and the mean
der system of one of the New Lead Belt 
mills. This particular mill produces 
lead and zinc concentrates. Principal 
milling reagents employed are shown in 
Table 1 under Hill A. Since the com
pletion of the meander system and 
final settling pond in the summer of 
1972, this operation has been rather 
successful in eliminating nuisance 
algal blooms in the receiving stream 
below, and has markedly improved the 
retention of particulate material and 
heavy metals within the system. 
Abundant aquatic vegetation within the 
meander systew and final settling pond 
effectively trap and bind most of the 
vagrant mineral particles released 
from the first pond, and the overall 
retention time in the system permits 
effective degradation or dilution of 
milling reagents. Aquatic vegetation 
collected at the head of the meander 
system normally displays lead content 
of several thousand ppm, and these 
values irop to a few hundred ppm 
within the final settling pond. 

Normal consumer organisms abound 
in the lagoons and meanders, including 
aquatic insects, snails, tadpoles, 
crayfifth, liluegills, bass, carp, and 
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catfish. Total body analyses for 
heavy metals in the larger consumer 
organisms reflect the high content of 
metals in consumed vegetation and 
that trapped in the mucous coverings 
of insect larvae which comprise the 
diet of the higher trophic levels. 
Considerable quantities of lead and 
zinc in the gills, mucous membranes, 
and bone were also noted. See Tables 
2 - 6. The edible portions of those 
animals likely to be consumed by 
humans are relatively free of detect
able heavy metal contamination. Hash
ing of the intestinal contents removes 
most of the lead from the hollow 
organs, (see Table 5), but extensive 
washing of gills and outer body sur
faces repeatedly in water or 0.1 H 
EDTA at pH 7.5 failed to remove the 
heavy metals. The marked difference 
in retention of lead by plant and 
animal tissues after EDTA washing is 
of considerable interest. As shown 
by the tabulated data, heavy metal 
contents of the intestine and gills 
vary from one season to another, and 
in the intestine, the data probably 
also reflect seasonal and species 
differences in diet. There has been 
no evidence of significant food chain 
concentration of heavy metals in higher 
trophic levels of aquatic communities. 

The schematic for a second repre
sentative mine and mill tailings 
system is shown in Figure 6. This 
operation produces lead, zinc and 
copper concentrates and is considerably 
more confined in geographical space 
available for tailings treatment. 
The principal milling reagents employed 
are also included in Table 1 as Kill 
B. For the past two years, because of 
restricted space and in the effort to 
improve conditions in the receiving 
stream, this company has attempted to 
separate mine 'and mill wastes and 
recycle the latter. Because of a num
ber of unique problems in design, 
total recycle of mill wastes has not 
been achieved, and considerable quan
tities of mill wastes and residual 
organic reagents have been observed 
in the final effluent. Company repre
sentatives are currently involved with 
other researchers to evaluate the 
possible contribution of these non-
intentional effluents to stream com
munity alteration. Considerable 
improvements in stream conditions have 
been observed since those initial 
modifications took effect, but further 
improvement is desirable. 

Growth of aquatic vegetation in 
the short interconnecting channels 
below the final (mill) tailings pond 
has been limited to seasonal blooms 
of blue-green algae, diatomaceous 
mats and a few pond weeds within the 
stilling lagoons. The development of 
aquatic vegetation in the receiving 
stream has usually been retarded in 
the early spring months as compared 
with other streams, or upstream from 
the point of mixing with industrial 
effluent. Normal community develop
ment is replaced by a dense diatom
aceous mat community which develops 
during the summer months, especially 
under low flow conditions. Relatively 
high manganese content in the indus
trial effluent has been cited as one 
possible contributing factor along 
with residual milling reagents to 
the unusually dense diatom popula
tions and exclusion of the usual 
normal flora. Dominant aquatic con-
sumers include a few minnows, small 
bluegills and small-mouth bass. The 
other consumer organisms common to 
most Ozark streams; snails, crayfish, 
tadpoles, and various aquatic insects, 
are extremely rare or absent. Though 
the actual numbers of existing con
sumer organisms are small, contami
nation of body tissues with heavy 
metals is practically negligible, 
as shown in Tables 7 and 8. Heavy 
metal recovery within the tailings 
system is good, however, the diatoma
ceous mat which develops during summer 
shows considerable silt accumulation. 

The possibility that residual 
milling reagents in the industrial 
effluents contribute to the sparcity 
of consumer organisms is presently 
under study. 

Toxicity of Milling Reagents 
The toxicity of the various 

reagents utilized in the mill when 
released into the aquatic environ
ment is not yet fully understood nor 
appreciated. Persistent identifiable 
smells and appearance of froth in 
the final industrial effluents of 
some operations provide the biologist 
some pretty good clues as to possible 
reasons for serious changes in 
aquatic communities downstream. There 
are, unfortunately, very few data 
available on the toxicology of milling 
reagents relative to aquatic organisms, 
and even less is known about actual 
concentrations of residual reagents in 
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industrial effluents. A summary of 96-
hour median toxic.limits (TL ) deter
mined by Hawley , (Ontario Ministry 
of the Environment), the U. S. Depart
ment of Interior Pish Pesticides Lab
oratory, and the University of Missouri 
is shown in Table 9. The data indicate 
the range of concentrations in which 
50 percent mortality of test organisms 
occurred. More precise determinations 
were impractical and probably meaning
less, since considerable variation 
may be observed from one batch of 
organisms to another depending on age, 
nutritional state, season, sex, water 
hardness, etc. The data are addition
ally plagued with the obvious short
comings of short-term static toxicity 
studies. They offer little or no 
information regarding toxicity under 
conditions of continuous flow, long 
term effects, nor embryological or 
teratogenic effects. Despite the 
deficiencies in methodology, however, 
the results allow some approximate 
comparison of relative toxicity of 
the tested reagents. 

Many of the test reagents have 
absorption maxima in the ultraviolet 
range, but the extinction coefficients 
are often too small to permit detec
tion in the very low concentrations 
known to be toxic to aquatic organisms 

The lack of adequate analytical 
techniques is a serious frustrating 
factor in the determinations of con
centrations of milling reagents at 
various points in the mill circuit 
or in the tailings ponds and final 
effluents. Some of the reagents 
remain bound to the mineral particles 
and thus never enter the tails. r»-.hers 
do not bind to ore particles, and 
remain unaltered in the final tails. 
In those mills having a copper circuit, 
the addition of SO, to separate the 
lead and copper minerals also effects 
the release of considerable quantities 
of xanthate collectors, and these may 
be detected in the thickener overflows 
under certain conditions. Degrada
tion rates vary considerably and 
may be affected by pH, temperature, 
or redox. 

(12 J Addison, et al have provided 
some early data related to effluents 
in New Brunswick operations dealing 
with sulfide ores. These researchers 
identified xanthate residuals of 0.2 
to 1.2 ppn, dithiophosphate residuals 
in the range of 0.3 to 2.7 ppm and 
isopropyl ethylthionocarbamate resi

duals of 1.8 ppm in mill effluents. 
A limited number of analyses performed 
on effluents of one mill in the New 
Lead Belt have shown xanthate concen
trations of 0.3 ppm in thickener 
overflows, but undetectable levels 
(less than 0.1 ppm) in final effluent. 
Long chain alcohols have been estimated 
in final effluent to exceed 200 ppm on 
one occasion, and on other occasions 
were undetectable (less than 10 ppm). 

More detailed data should be 
sought relative to final effluent 
concentrations of these toxic sub
stances, and greater care should be 
exercised in elimination of those 
circumstances which would permit toxic 
concentrations of milling reagents to 
enter receiving streams. In those 
situahionj where problems exist and 
mill effluents are suspect, every pre
caution should be taken to insure 
adequate treatment of tails and 
effective isolation of those mill 
effluents known to contain toxic 
levels of reagents. Where possible, 
reagents should be selected on the 
basis of favorable degradability pro
perties or their reduced toxicity. 
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TABLE 1. Principal Milling Reagents Employed By 
New Lead Belt Mills 

Mill A 
No Copper Circuit 

Mill B 
With Coppei Circuit 

Prother 

Promoters 

Collectors 

Zinc Depressant 
Zinc Activator 
Iron Depression 
and pH Control 
Lead Depression 
and Copper 
Flotation 

Methyl Isobutyl 
Carbinol Propylene 
Glycol-methyl Ethers 
Sodium-diethyl-
dithiophosphate 
Sodium - isopr opy 1 -
ethyithionocarbamate 

Sodium Ethyl 
Xanthate 

CuSO, 

Cg-C„ Aliphatic 
Alconols 

Sodium-isopropyl-
ethylthiono-
carbamate 

Sodium Isopropyl 
Xanthate 
ZnSO. + Cyanide 
CuSO. 4 
Caustic Soda 

SO, + Starch 

TABLE 2. Mill As Heavy Metals in T.-dpoles From Meanders 

II. 

Pb Zn Cu 
100 Yards Down Meanders 
Eviscerated Body 
Intestine & Contents 

213 
4419 

256 
2926 

20 
234 

At Cava Hollow Jot. 
Liver & Heart 
Eviscerated Body 
Intestine & Contents 
Total Body 

22 
93 

7329 
4139 

67 
240 

4696 
2808 

91 
15 
260 
169 

TABLE 3. Mill A: Heavy Metals in Bluegills Proa Meanders 

PPM 
Pb Zn Cu 

Muscle 1 45 11 
Bone 104 152 21 
Skin & Scales 132 229 21 
Intestine & Contents 390 381 53 
Gills 161 109 19 
Total Body 84 157 24 
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TABLE 4: Mill A: Heavy Metals in Bass From Meanders 

Pb 
Muscle <1 30 13 
Bone 142 89 22 
Skir. & Scales 194 176 27 
Intestine i Contents 259 279 159 
Gills 160 105 24 
Total Body 7 117 28 

TABLE 5. Mill A: Heavy Metals in Bluegills Final 
Tailings Pond (Spring) 

PPM 
Pb Zn 'Cu 

Muscle, Bone. Skin 
& Scales 20 82 7 

intestine & Contents €26 437 37 
Washed Intestine 9 77 13 
Liver <1 83 12 
Ovaries <1 98 8 
Gills 52 93 •7 
Total Body 50 100 10 

Mill A: Heavy Metals in Bluagills Final 
Tailings Pond (Summer) 

PPM 
Pb Zn Cu 

Muscle <1 42 20 
Bone 15 77 14 
Skin-& Scales 22 121 20 
Intestine & Contents 30 61 16 
Gills 38 82 16 
Total Body 32 98 13 
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leagent 

TABLE 7. Hill B: Stilling Pool: Heavy Metals in 
Bluegills 

PPM 

Pb Zn Cu 

Muscle & Bone 17 91 2* 
Gil l s 28 90 2 
Intestine & Contents 22 151 10 

TABLE 8. Hill B: Final Effluent: Heavy Hetals in 
Bluegills 

PPH 

Pb Zn Cu 

Huscle & Bone <1 90 3 
Gil l s <1 80 1 
Intest ine 4 Contents <1 81 6 
Total Body e 165 3 

TABLE 9. Toxicity of various milling reagents, 96 hour TL m. 

Fathead Enerald Hater Blueglll Catfish Snails Tadpoles Crayfish Golden Algal 
Minnow Shiner Flea Shiners Photosynthesis 

Methyl Xsobutyl-
earblaol 10J-100Q 600-1000 

Propylene Glycol-
• c t h y l e thers > 1000 . _ » 1000 _ 100-500 > 100 -

Loot Chain A l i 
phat ic a lcohols 100-1000 _ _ 50-100 100-500 100-1000 10-100 10-100 < 23 100-200 

FotassluB or Sodium 
Amyl Xanthatc 1.&-18 10-100 . 1 - 1 . 0 100-200 _ 1.0-10 100-200 - 100-200 

S o d l w Xsopropyl 
Xanthate . 1 8 - 1 . 8 . 0 1 - . 1 . 1 - 1 . 0 . 0 1 - . 1 > 10 10-100 10-100 1-10 - 10-100 

Sodium Ethyl 
Xsothace . 1 8 - 1 . 8 . 0 1 - . 1 . 1 - 1 . 0 10-100 _ 100-1000 .00-500 - 100-200 

Isopropyl Ethyl 
Thioaocarbanate 10-100 _ _ 10-50 10-100 10-100 100-200 - 100-200 

Sodlua Diethy1-
dlthlophosphate _ _ . 1 - 1 . 0 660-1000 - > 1000 - - -

Hloarcc • 
(Diaanthogen) . _ _ 1.0-10 _ 100-200 _ - -

iUro-130 
Tblocarbanallde _ . _ > 1000 _ 100-1000 _ _ _ 

Data on Fathead Minnows, Emerald Shiners, and Hater Fleas from HaWey (Ministry of Environment, Ontario); on Catfish 
fro* U.S. Department of Interior Fish Pesticide Lab (Colmobla, Missouri) 
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HUMAN UPTAKE OF DIETARY AMD ATMOSPHERIC LEAD: 
STABLE ISOTOPE AND BALANCE STUDY* 

Michael Rabinowitz**, George Wetherlll**, Joe! Kopple 0 

••Department of Planetary and Space Science,°Schools of 
Medicine and Public t'ealth. University of California, and 
V.A. Wadsworth Hospital Center, Los Angeles 9O02<« 
Abstract 

Four healthy adult male volun
teers have been maintained In a hos
pital metabolic unit for periods up 
to six months with controlled diets 
and environment!, in order to assess 
lead absorption, excretion, and phys
iological pools under typical urban 
conditions. The subjects ate constant 
diets selected to be 'TW in lead con
tent supplemented with stable Isotopes 
of lead, which serve as a non-radio
active tracer distinct from other (at
mospheric and internal) sources of 
lead. The concentration and Isotopic 
composition of lead in the diet, fec
es, urine, blood, hair, nails, sweat, 
bile, gastric and pancreatic secre
tions, and bone were measured by mass 
spectrometric isotope dilution anal
ysis. 

It was found that the alimentary 
absorption rates of both the tracer 
lead nitrate and food lead varied 
among the individuals (6 to 14%). Ab
sorption rates as high as 50% were 
seen when lead nitrate or sulfide were 
administered while fasting. 

The kinetics of lead within the 
body could be adequately described by 
3 three compartment model. Balance 
considerations and the Incomplete la
belling of blood by a dietary source 
indicate a respired Input of about 17 
micrograms per day, about 1/3 of the 
total daily input. This was verified 
by placing one subject In a room with 
filtered air and observing the de
crease in his blood lead. 

•Work supported by the National 
Science Foundation Research Applied 
to National Needs (RANN) 

Additional results Indicate ery
throcyte uptake of lead to be indepen
dent of their age. Facial hair was 
seen to reflect previous blood lead 
levels. 

I n t roduc 11 on 
Despite the gr^nt concern over 

lead poisoning the,; Is a lack of data 
concerning normal human lead metabol
ism during typical urban conditions. 
In this study the absorption, excre
tion, and physiological pools of lead 
were studied with the use of stable 
isotope tracers, administered under 
conditions of controlled dietary and 
atmospheric exposure. Such a tech
nique has the advantage of allowing 
kinetic studies without abnormally 
high lead Intake and without the in
troduction of radioactivity. Another 
significant benefit of this approach 
is that the tracer lead under consid
eration may be decoupled from lead 
contamination originating in the lab
oratory because of their markedly dif
ferent Isotopic compositions. Thus 
the tracer lead data are independent 
of any blank or yield corrections. 

The general methodology involves 
maintaining a healthy adult male vol
unteer in a hospital metabolic unit 
for periods of up to six months with 
controlled diets consisting of foods 
selected to be low in lead content. 
This Is supplemented at each meal with 
a stable Isotope tracer, usually 

Pb as nitrate, to provide a total 
lead intake approximating the pre-
study level while providing an input 
of lead distinct from other (atmos
pheric or internal) sources of lead. 
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The concentration and isotopic compos
ition of lead in the diet, feces, ur
ine, blood, hair, nails, sweat, bile, 
gastric and pancreatic sections, and 
bone were measured by mass spectromet-
ric isotope dilution analysis. Simul
taneous metabolic balance studies were 
carried out for calcium, phosphorus, 
nitrogen, and magnesium. 

Results obtained from the first 
subject were reported at last year's 
meeting and subsequent publ i cat ions (I, 
2,3)included preliminary results from 
a second subject. Today I would like 
to present a compilation of the results 
to date from four subjects stressing 
these areas of interest: 

1) Gastrointestinal absorption 
of lead, especially as It varies with 
mode of administration among Individ
uals. 

2) Compartmental and balance an
alyses of lead physiology, stressing 
an assessment of respired input. 

3) Red blood cell uptake of lead 
from plasma. 

k) Delayed appearance of tracer 
lead in facial hair. 
Gastrointestinal Absorption of Lead 

204 During the long term studies Pb 
as nitrate was substituted for approx
imately i of the lead in the subjects' 
pre-study diet. This soluble lead was 
administered in the midst of each meal 
of the constant low-lead diet. The ab
sorption rate of the 2<"tpb was asses
sed from the difference between dose 
and fecal output, which was pooled In
to 10 day periods. Lt should be noted 
that at the outset no\tracer lead Is 
yet present In the bile or other di
gestive secretion, so all of the fecal 
tracer is simply unabsorbed lead. 
There is no absorption and subsequent 
re-secret Ion of tracer lead until sev
eral tens of days later, when it is 
seen in the sampled secretions and as 
an apparent decrease in absorption 
rate. In contrast to this situation, 
determining the absorption rates for 
food lead Is complicated by the siz

able (10-15 iig/day) and rather poorly 
measured quantity of unlabel led lead 
in feces which is contained In di
gestive secretions. Also food lead Is 
isotopically Indistinguishable from 
laboratory contamination lead. For 
these reasons absorption rates are 
more precisely known for isotope tra
cers. 

In addition to these long term 
studies, several shorter investiga
tions were undertaken. Several stable 
Isotopes, each In a different chemical 
form, were fed simultaneously to three 
subjects, both with apd without food, 
about 75 fig each of 20,*Pb, * ! 0 6Pb, and 
2°7pb. Feces were collected for up to 
20 days to measure absorption. Blood 
and urine were also analyzed to see 
tvli'.'ther the lead not In the feces was 
actually absorbed, not simply lodged 
in the gut or inadvertently uncollect
ed. Table I displays a summary of ab
sorption rates as percentages for the 
several subjects for each chemical 
form, taken with food and while fast
ing. Absorption Is measured in two 
ways. The first column shows percent
ages derived from fecal dala, and the 
second column shows absorption rates 
bfised on comparing the appearance In 
the blood of the listed form of lead 
with the appearance of the isotope as 
nitrate. That the two columns are in 
general agreement shows that fecal col
lections were complete and that the 
response seen in the blood is propor
tional to the amount absorbed from the 
diet. 

Several trends are apparent in 
the data. Food lead and nitrate lead 
eaten with food are absorbed at about 
the same rate for each subject, 6 to 
\k%, depending on the Individual, a 
wide variation but wit'iin the range 
found by Hursch and,Suomela working 
with radio-Isotopes^. Lead cysteine, 
when eaten with food, has a similar 
absorption rate. It appears as if 
food lead and the soluble tracer lead 
are, at least partially, Isotopically 
equilibrated and then handled in the 
gut in about the same way. 

A striking result is that the ab
sorption of lead salts ingested while 
fasting is markedly higher, up to 50%. 
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The presence of food Inhibits lead ab
sorption by up to 8-fold. Perhaps sub
stances within food compete with lead 
for absorption sites or perhaps unab-
sorbable portions of food bind the 
lead. For lead sulfide, there appears 
to be considerable variation among the 
subjects. It should be noted that 
subject B may have been hyperacidic 
and secreted stomach acid even on an 
empty sromach. He had a history of 
intermittent gastritis. So, perhaps 
in this subject the otherwise insol
uble lead sulfide was dissolved in 
hydrochloric acid and then absorbed. 

Table 1. 
Sai'lO.taHSTmL BBSOOUO" 

wsji/.* Moot nrcT-rrcrr ~'llSMrK5»6Nu 

This data shows that gastroin
testinal absorption of lead salts is 
not a sfirnle function of lead intake, 
but varies among subjects and depends 
on chemical form. There is also a 
strong tendency for Increased absorp
tion when lead is eaten without food. 

Lead Balance and Respired Input 
The experimental design, which 

involves periodic analysis of the con
stant dietary input and complete col
lection of all body outputs, allows 
determination of a lead balance. The 
results for the two completed long 

term studies are shown in table 2. 
Diets were measured every i°nth day 
and feces and urine were pooi°d into 
ten day collection periods. The tab
ulated numbers are for total lead, 
common lead plus the added isotope 
tracer. Most of the lead output is in 
urine but "others", hair, nails, and 
desquamated skin, were also measured. 

Table 2. 

Subject O.n t*Pul Puljut B,l,nc« 
diet 0!*l-'««, trine other. 

, 116 361 16 J3 l. lb.4|S0) 
B 111. 166 II 1? >• -I9.JISDI 

Both subjects were apparently and con
sistently In negative lead balance. 
That is they put out more lead than 
was provided in the diet. However, 
during this balance period, over 100 
days, their calciu' and phosphorous 
balances were positive, and their 
blood lead levels did not fall. We 
therefore believe that the subjects 
were in neutral lead balance and the 
excess output represents the size of a 
respired input. Three independent 
lines of reasoning support this con
clusion. 

(1) An airborne Input of this 
magnitude is consistent with the ob
served concentrations of air-lead, 
about two micrograms per cubic meter, 
using generally accepted values for 
ventilation and particle retention 
rates. Both subjects smoked eight 
cigarettes per day of a brand having 
only one microgram of lead per cigar
ette, resulting in only about one mi
crogram of lead per day being absorbed 
from this source^. The other 17 or so 
micrograms represent absorption of 
lead from ambient urban air. 

(2) The second reason to believe 
that the subjects were receiving this 
much lead from the air each day is 
that the isotopic composition of their 
blood leads never became identical 
with their dietary input alone. 
Figure 1 shows the blood lead concen
tration for different species of lead 
for subject A. Ihis upper curve shows 
the total amount of lead in blood and 
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Figure 1• 
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this lower curve shows how much of it 
has the isotopic composition of the 
labelled dietary source. The differ
ence represents unlabel led lead, eith
er lead In the subject's bt/dy from be
fore the study began or lead from an 
unlabel led source. It Is noteworthy 
that the blood lead did not become en
tirely labelled with dietary lead even 
though duration of study with Pb204 
exceeded several mean-lives of the 
blood compartment. This suggests in
put Into the blood from other non-
iatelled sources of lead, the skele
ton and/or the atmosphere. Since the 
blood was at most about one-half la
belled with dietary lead, a strict up
per limit of about one-half can be set 
on the fraction of daily lead intake 
which was derived from an unlabelled 
source. 

The question then is how much of 
this unlabel led lead is from the at
mosphere and how much is from a source 
within the body. This was approached 
by considering the blood to exchange 
lead with two body pools, as shown in 
figure 2, also based on subject A. 
The second pool has a mean Ii fe com
parable to blood. Its existence is sug
gested by the slow labelling of secre
tions. Another larger one with a 
much longer residence time is perhaps 
in hard tissue. Tracer data makes it 
possible to measure the exchange rate 
of blood with each of these hypothet
ical pools. By using this model, one 
can project the growth curve for la

belled blood lead to a time when a 
steady state is achieved in labile 
body pools. For the first subject, 
60% of the blood would come to re
semble an unlabelled source, either 
internal or external. Analysis of 
the flux of lead out of blood indi
cates about nine micrograms per day 
of lead enters the skeleton or other 
long term pools from the blood. Since 
medical examination revealed no evi
dence of bone loss and since calcium 
and phosphorous balances were not 
negative, It may be Inferred that the 
skeletal mass was In a steady state. 
If blood and skeletal lead were also 
In a steady state, it can be conclud
ed that these deeper pools yield ap
proximately the same amount of unla
belled lead back to the blood, nino 
micrograms per day for subject A and 
5 for subject B. Thus, the remaining 
amount of the total unlabelled assim
ilated lead was derived from the at
mosphere, 17+5 micrograms per day for 
subject A and" 16+6 micrograms per day 
for subject B. 

Figure 2. 
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(3) The third independent rea
son to believe a daily respired input 
of about 17 micrograms per day is the 
response of subject B to a lowering 
of the air lead content and observing 
changes In blood lead. This was ac
complished by having the subject stay 
23 hours each day for 40 days in a 
room with two air purifiers, each con
sisting of a blower pulling room air 
through a fiberglass pre-filter, a 
HEPA fiber filter, and a bed of acti
vated charcoal, recirculating the air 
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in the room every 3 minutes. The room 
entrance was provided with a double 
door air lock. Both particulate, aer
osol lead salts as well as organic 
vapor lead levels were measured and 
averaged 0,07 and 0.05 micrograms per 
cubic meter, respectively. After this 
period the subject was moved to anoth
er room across the hall with open win
dows, resulting in a higher lead ex
posure. 

During the first 15 days in the 
clean air room lead-207 nitrate was 
added to the diet so that the subject1', 
total daily lead Intake from all sour
ces would not change, labelled dietary 
lead being substituted for unlabelled 
airborne lead on a nearly atom-for-
atom basis. This was done so that the 
total blood lead would not fall, so 
that even If there were some homeosta-
tfc mechanism the body would not, for 
example, mobilize skeletal lead which 
would be Isotoplcally indistinguish
able from air lead. Then both the 204 
and 207 supplements were withdrawn and 
the subject continued to breath "lead-
free" air for 25 more days. Figure 3 
shows the results of this procedure. 

J *'i a nw STMT m 

MI'S FS0» BECimilK Of EXPfHWFNT 

It can be seen that the normal, 
unlabel led blood lead fell as a result 
of breathing "lead-free" air. The 
rate of change of blood lead can be e-
quated to the change in daily intake 
by a proportionality factor related to 

the size of the subject's lead pool. 
This proportionality factor was obtain
ed from tracer data where a measured 
amount of tracer is absorbed and a 
change is seen in the blood concentra
tion of the tracer. 

From this change in slope in un
label led blood lead, it appears that 
as he began breathing less lead, his 
daily intake dropped by 1 *J.6 uy per 
day and when he left for the open-air 
room it rose by 18.3. This filtered 
air technique will soon be applied to 
another subject. 

It should be remembered that this 
balance discussion is based on meas
urements of lead of largely normal is-
otopic composition, and, although 
small yield and blank corrections fa-
bout 530 have been made, there is in
herently less certainty about these 
results than about any conclusions 
based on tracer measurements alone. 

In summary, the apparent negative 
leac balance, the incomplete labelling 
of the blood lead with a dietary tra
cer, and the response to breathing 
filtered air all suggest a daily in
take of about 17 micrograms per day of 
lead from the ambient urban atmosphere. 

Red Blood CelI Uptake of Lead 

An auxiliary study was conducted 
to observe in vivo the erythrocyte up
take of lead-from blood plasma. It 
has been known from J_n_ vi tro studies, 
some with radioisotopes'! EEat 90-95% 
of the lead added to whole blood will 
reside with the red blood cells and 
that the equilibrium dlstiibution is 
reached within several hours°>'. This 
affinity c lead for red cells was 
verified in one of the hospitalized 
subjects by sampling plasma and red 
cells 6 hours after oral ingestion of 
20tpD nitrate on three separate occasions, as shown in table 3. This data 
shows that in eech case only about 10% 
of the blood lead is in the plasma. 

It was also possible to separate 
red cells by age by centrifugation, 
making use of the increase of density 
with age". Such a separation was at-
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tempted on three occasions with sub
ject B. The results are shown on 
table 4. During the first attempt 

Table 3. 

specifically to hemoglobin. This was 
was verified in yj vo by lysing red 
cells with distlTTed* water, vigorous 
centrifugation and washing of the de
bris, and drying. The dried stroma 
and the cell contents were each anal
yzed For isotopic lead content; the 
results are shown Ir. table 5. It ap-

Vaole S. 

Table 4. 

(day l)no means were employed to veri
fy age separation, but on days 148 and 
174 a reticulocyte count was performed 
on each red cell fraction to see if 
any age differential settling had o-
curred. On day 148 only an Incomplete 
separation had occurred. A third at
tempt was made (day 174) in which the 
heparinized blood was allowed to stand 
for 20 minutes before centrifuging. 
This resulted in a more clear-cut age 
separation, demonstrating that there 
is no markedly preferential uptake of 
lead by red cells by age. Lead does 
not enter a red cell only while it de
velops in the marrow, as is the case 
for iron9. Rather it appears that 
circulating red cells are able to ab
sorb and desorb lead throughout their 
I i ves. 

To pursue this in more detail a 
third investigation involved separat
ing red cell content from cell debris 
to localize the lead. In vltro stud
ies with radioactive lead" Have-demon
strated that 90% of the lead in red 
cells is bound to the cell contents'0, 

pears that most of the lead Is in the 
cell contents. This result is in 
close agreement with the in vitro 
studies of Stover'O a n t) Barl trop''. It is also apparent that the concen
tration of lead in the debris is five 
times as great as that of the cell 
contents, although most of the lead is 
in the contents, which makes up 98% of 
the cell. This observation is inter
esting in light of the red cell's bio
chemical alterations associated with 
lead poisoning: Red cells become more 
mechanically fragile, their life-span 
Is shortened non-randomly, the sodium 
and potassium ATPase activity of the 
membrane Is decreased, glucose con
sumption increases, and osmotic re
sistance increases'2,13. All of these 
observations are associated with mem
brane phenomena. 

Tracer Lead in Hai r 
I would now like to discuss an

other of our findings: the delayed 
appearance of tracer lead in facial 
hair. As part of the long term meta
bolic studies, all shed body hairs 
were collected by vacuuming clothing, 
bedding, and shower drain screens. 
Scalp hair was marked at the outset 
and cut later to estimate the mass 
of hair production. Periodically fa
cial hair was also collected with an 
electric razor, and its lead isotope 
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content was measured. The data for 
two subjects is shown on Figure k. 

Figure k. 

"Rita Bood ml FacM Hrir 

This is a plot of the Pb concentra
tion in blood, displayed on the left 
hand axis, and in facial hair, refer
ring to a less sensitive scale on the 
opposite side. The horizontal axis 
is time In days from the start of the 

Pb diet. The data for subject A is 
open symbols; for B, filled symbols. 
The tracer content of the blood rose 
quickly and fell abruptly when the 
207* 

Pb was discontinued. The maximum 
concentration of tracer lead in hair 
appears about 30 days after the maxi
mum labelling of the blood. However, 
hair takes only a few days to grow 
through the skin. Furthermore, the 
hair pattern does not look like a 
simple displacement or time delay of 
the blood picture. Rather, the hair 
data shows a more gradual appearance 
and disappearance of the tracer. A 
similar pattern was presented last 
year by Drs. Berg and Giovanelli dis
cussing mercury in lengths of scalp 
hair"». Their detailed analysis of 
portions of several hairs suggested to 
them that their broadened pattern seen 
in bunches of hair is the result of 
difference in rates of growth or rel
ative displacement during sampling of 
adjacent hairs. However, for facial 
hair where adjacent hairs grow at 
nearly Identical rates and where the 
samples represent simultaneously pro
duced hair another explanation is re
quired. The hair might also be con

sidered the output from another phys
iological lead pool, fed by the blood. 
Before the hair is completely labelled, 
this pool, In addition to the blood 
must become totally labelled. This 
pool has the effect of accumulating 
lead from the blood and producing hair 
reflecting a weighted average of blood 
lead levels over Its recent history. 
There may also be a time delay before 
hair leaving this pool Is sampled. 
Tentative modeling of this poo! sug
gests a mass of 10 or 50 grams and a 
mean residence time of 20 to 100 days. 
This pool Is perhaps located In the 
bulbs of the hair follicles. This ef
fective time delay of about 30 days is 
similar to the delay seen in the label
ling of hair with radio-sulfur admin
istered as cysteine or methionine!5. 
These amino acids and lead are probab
ly both Incorporated together into 
hair keratins. These results suggest 
that elevated lead levels in hair may 
reflect blood lead levels about a month 
earlier and that hair lead values be 
interpreted in light of the physiolog
ical processes which produce it. 

These experiments demonstrate 
that stable isotopes are a useful tool 
in studying the kinetics of human lead 
physiology. We have applied them to 
healthy adult male volunteers and hope 
to soon expand our experience by exam
ining infants and lead poisoned work
ers. 
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LLTllAL AND TERATOGENIC EFFECTS OF METALLIC POLLUTANTS ON VHRTEP.RATE EMBRYOS 

IV.J. Birge, A.G. Westerman and O.K. Rohcrt.s 
University of Kentucky 

Lexington, Kentucky 

Abstract 

In order to icter^ine the sensitivity of 
eJnbryogenesis to metallic trace contaminants, 
fish and avian embryos were treated contin
uously until hatching with sodium arsenite 
and chloride salts of cadmium, lead, mere iry 
and methyl mercury. Compared to survival in 
control copulations, all heavy metals pro
duced significant degrees of lethality and/ 
or gross anatomical anomalies at 10 ppb or 
less. Treatment with methyl mercury at 10 
ppb produced 66%, 12% and 2% mortality '--ates 
in populations of rainbow trout, channel 
catfish and goldfish embryos, respectively. 
In addition, 20% of the surviving trout 
embryos bore gross morphological deformities. 
Lethality or severe developmental impairment 
occurred in 55% and 35% of trout embryos 
treated with S ppb and 2 ppb methyl mercury. 
Rainbow trout and chick embryos suffered 
10-22% lethality wiien exposed to 1 ppb of 
either inorganic or methyl mercury. Lead 
and cadmium at 1 ppb produced 26-34% 
lethality in chick embryos. Arsenic was 
found to be highly toxic tc chick embryos, 
producing 33% mortality at a concentration 
of 1 ppb. However, arsenic-induced lethality 
was significantly lower in the trout embryo, 
with a TL$o value of approximately 0.5-0.75 
ppiii. It appears that eggs and/or embryos of 
homeothernial species are much more suscep
tible to arsenic than those of poikilotherms. 
Survival values reported above were based 
upor. all embryos which lived to complete the 
hatching process, including those bearing 
gross teratologies. The latter often com
prised 1/3 or • ore of surviving populations. 

Based on a comparison of survival values 
approaching threshold (90-95% hatchability), 
embryos of the trout and catfish, in respec
tive order, we:e approximately 50 and 10 
times more sensitive to mercury than gold
fish embryos. This differential sensitivity 
to mercury correlates wit'i differences in 
both egg size md hatching time of these 
species, indie iting that fish with larger 
eggs and/or longer periods of embryological 
development are wore susceptible targets of 
mercurial pois >ning. 

*Work supported by U.S. Dept. of the Interior 
(grant no. B-059-KY), and National Science 
Foundation, RANN (grant no. GI-43623). 

Concerning the toxic effects of cadmium, 
lead and mercury, the tnbryonic stage appears 
to constitute the critical "sensitive link" 
in the vertebrate life cycle. Reproductive 
potential of vertebrate populations may be 
severclv restricted, through the production 
of embryonic mortality and teratopencsis, by 
trace levels of metallic pollutants which arc 
sublethal to adult anin.'ls. Environmental 
standards based on tolerances of adult forms 
likely do not provide adenylate protection 
for sensitive developmental stages. 

Results of this investigation further 
indicate that vertebrste embryos are partic
ulars suited for use as sensitive bioa>s:iy 
and bioindicator organ'sris with which to 
1) determine reliable protective limits for 
environmental trace contaminants, and 
2) monitor the quality of environmental 
resources. 

Introduction 

During the past few decades, investiga
tors have worked largrlv with adult organ
isms in assessing the effects of environ
mental trace contaminants upon animal com
munities. As a consequence, comparatively 
little information exists concerning the 
toxicity of trace contaminants to embryonic, 
larval or immature stages of most animal 
species (1). In an initial study of 
vertebrates, Birge and Just (2) found 
mercury and certain other metals to be 
substantially more toxic to embryonic stages 
than to adults. Should de\relopme' • al pro
cesses prove to represent the most sensitive 
target site(s) of metallic poisoning, then 
it follows that many natural animal popula
tions could be reduced or extinguished 
through a loss of reproductive potential 
(e.g., embryonic mortality, teratogeny) 
effected by concentrations of trace metals 
considered safe or subleth'l for rdult 
organisms. 

Operating upon the premise that environ
mental standards for metallic pollutants 
should be established at levels which will 
insure "safe limits" for the most "suscep
tible stage(s)" in the life history of 
organisms, we have undertaken a series of 
investigations on the biological effects of 
trace metals on development and reproduction 
in piscine, amphibian and avian species. 
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The principal objectives are to 1) determine 
the toxicity of selected metals to different 
embryonic stages, 2) analyze for possible 
antagonistic, additive or synergistic effects 
of combinations of metals upon developmental 
processes, and 3) ascertain the extent to 
which metals may accumulate in vertebrate 
eggs prior to ovulation and the degree to 
which such preaccumulated egg metals diminish 
fecundity and embryonic survival. The 
present paper, which deals in part with the 
first of these objectives, concerns the 
sensitivity of chick and fish embryos to 
arsenic, cadmium, mercury and lead. 

Procedures 

Toxicity experiments were performed on 
embryos of the domestic fowl (Gallus 
domesticus, White Plymouth Rock strain), 
rainbow trout (Salmo gairdneri), channel 
catfish (Ictalurus punctatus), goldfish 
(Carassius auratus) and the largemouth bass 
(Microptcrus saimoides). Populations of 
chick and fish embryos were treated with 
a number of heavy metals, including chloride 
salts of cadmium, lead, mercury and methyl 
mercury. In addition, chick and trout 
embryos were treated with sodium arsenite, 
and sodium selenate was administered to 
chick embryos. Treatment was continuous 
through hatching, giving exposure periods 
of 3, 4, 6, 21 and 24 days for goldfish, 
bass, catfish, chick and trout embryos, 
respectively. Metals were administered to 
chick embryos by a new method of yolk sac 
injection recently described by Birge and 
Just (2). Fish embryos were exposed to 

metals in aqueous culture by procedures 
previously stated (2). Concentrations 
reported for metallic test solutions were 
based only on actual metal content. 

In computing survival frequencies, 
each datum point was determined on a mini
mum of 250 observations for fish embryos and 
100 observations for chick embryos. All 
survival values reported were b t aed on 
frequencies of hatchability for populations 
of experimental embryos/hatchability in 
corresponding control populations. 

Results and Conclusions 

Our toxicity studies on the chick 
embryo are summarized in Table I. Selenium, 
arsenic and cadmium produced quite similar 
responses, giving survival rates (hatchability,: 
at 1 pph of 64-661, and an approximate TL50 
value of 0,01 ppm. These extremely erabryo-
pathic metals also produced substantial 
percentages of gross embryolcfical anomalies 
among survivors <£•£•» hydrocephaly, and 
other brain deficiencies; absent eyes; 
various skeletal defects), with frequencies 
ranging from 11% and 29% for selenium and 
arsenic at 0.5 ppm to 33% for cadmium at 
1.0 prT' (Table I). 

Leac1, mercury and methyl mercury also 
were highly toxic to chick embryos, giving 
survival rates of 74-78% when used at 1 ppb 
(Table I). Survivors treated with the.-s. 
metals again displayed high frequencies of 
anomalies. Teratogenic development for all 
metals diminished with reduced concen
trations, resulting in low frequencies of 
occurrence at 0.01 ppm. Minor anomalies, 

TABLE I . Tox ic i t y o f m e t a l s t o c h i c k embryc >s. 

P e r c e n t S u r v i v a l ! » 2 

C o n c e n t r a t i o n 3 

(ppm) S e + 6 A s + + + Cd*+ P b + + CHSHg* Hg** 

0.001 64 65 66 74 78 78 
0 .010 43 54 ( 2) 55 73( 1) 71 73 
O.OSO 38 ( 7) 47C 6) 48 74( 7) 65 ( 4) 64 
0 .100 30 ( 9) 43(17) 41 ( 6) 63(10) 54 ( 7) 61 ( 2) 
0 .500 24(11) 18(29) 25(15) 37(16) 45(11) 56 ( 3) 
1.000 0 0 8(33) 52(14) 26(15) 51 ( 8) 
5.000 0 0 0 23(24) 23(22) 37(12) 

10.000 0 0 0 0 10(25) 8(33) 
50.000 0 0 0 0 0 0 

Each percentage represents frequency of survival for 100 experimental embryos/100 controls. 

Percentages of surviving embryos which bear gross teratologies a\e given parenthetically. 

Metals '.ere administered by yolk s . injection in amounts calculated to dilute egg yolk to 
specified concentrations. 
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TABLE II. Survival of trout, catfish, goldfish and 
bass embryos treated continuously wi*-h methyl mercury. 

Percent S u r v i v a l * ^ 
Concentrat ion 

(ppm) Trout(24) iJat f i sh(6 ) Goldf i sh(3) Bass(4) 

0.001 90( 3) 100 100 98 
0.002 76( 9) - - -0.105 57(10) 94 97 94 
0 .007 46(17) - - -0 .010 34(20) 88 98 84 
0.025 29(35) 66 - -0 .050 0 33 95 79 
0.075 - - 68 73 
0 .100 0 24 50 64 
0 .250 - - 26 54 
0 .500 0 4 11 21 
1.U00 0 0 0 1 
5 .000 0 0 0 0 

10 .000 0 0 0 0 

liach percentage based on frequency or survival for 250 experimental embryos/250 controls 
and percentages of surviving trout embryos which bear gross teratologies are givt I 
parenthetically. 

Hatching time (exposure period) is given in parentheses after each species. 

TABU: III. Correlation of percent survival with exposure time 
for goldfish and trout embryos treated with methyl mercury.* 

Expo sure Time in Developmental Days2 

Clljllt* Goldf i sh 1 Trout 
in ppm 1 2 3 3 6 9 12 15 18 21 24 27 

0.001 100 100 100 ?5 92 91 91 90 90 90 90 90 
0 .005 100 100 99 91 82 74 69 63 60 58 57 57 
0 .010 100 100 97 "5 66 54 48 42 39 34 33 33 
0 .050 100 97 94 s9 43 12 6 0 0 0 0 0 
0 .100 70 61 47 13 0 0 0 0 0 0 0 0 
0 .500 40 6 2 0 0 0 0 0 0 0 0 0 
1.000 i 8 3 0 0 0 0 0 0 0 0 0 0 

1 Data from Birge 6 Just, 1974. 

*- Hatching occurred on day 3 in the goldfish and on day 24 in the trout. Data given on 
day 27 for the trout represent percent survival at 3 days posthatching. 

as well as physiological and behavioral 
impairments, were not tabulated in this 
study. 

Embryos of four species of fish, 
including trout, catfish, goldfish and bass, 
were treated continuously with methyl 
mercury I fable II). Trout embryos proved 
to be the nost sensitive of this group, 
with frequencies of hatchability of 90%, 
76*, 57* and 34% at concentrations of 1, 2, 
5, and 10 ppb, respectively. Gross 

anomalies affected 35%, 20%, 9% and 3% of 
surviving trout alevins exposed to con
centrations of 25, 10, 2 and 1 ppb methyl 
mercury. It should be emphasized that 
minor morphological defects, physiological 
impairments and behavioral deviations were 
not included in these figures. Though such 
factors remain to be fully investigated, 
initial observations suggest that appre
ciable numbers of trout alevins which 
survive treatment with mercury at 1-2 ppb 
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TABU; IV. T o x i c i t y o f mi rtals to trout embryos (Salmo gairdneri). T o x i c i t y o f mi rtals to trout 

Percent Survival* 

Concentration 
(PP«n) CH3Hg* Hg** Cd*+ As 4** 

0.001 90 C 3) 90 ( 2) 98 ( 2) -
3.002 75 ( 9) 72 C 8) - -0.005 57(101 59(12) 97 ( 7) -0.007 46(1' /) 46(19) - -0.010 34 (20) 34 (22) »7 ( 6) 100 
0.02S 29(35) 24(43) 96( 7) 100( 2) 
0.050 0 0 91 ( 9) 99( 1) 
0.07S 0 0 82 ( 6) 98 
0.100 0 0 58(11) 96 ( S) 
0.250 - - 83(11) 
O.SOO 0 0 32(28) 67 ( 8) 
0 .750 - - 47(18) 
1.000 0 0 5 30(27) 
5 .000 0 0 0 1 

1 Percentages of anomalous survivors 
show such afflictions. Quite obviously* such 
impairments may seriously affect maturation, 
longevity, fecundity, etc. 

Though less sensitive than develop-
mental stages of the trout, embryos of the 
catfish, goldfish and bass suffered signif
icant levels of lethality when treated with 
•ethyl mercury at S ppb, and survival was 
markedly reduced at higher concentrations 
(Table II). At levels which approach 
threshold (90-95% hatchability), embryos of 
the trout and catfish are approximately 50 
and 10 times more sensitive than develop
mental stages of the goldfish. The variation 
in sensitivity to mercury among these 
species correlates with differences in egg 
size and hatching (exposure) time, indi
cating that species with larger eggs and/ 
or longer periods of development are mors 
susceptible to mercurial poisoning. 
Increased exposure time would be expected 
to affect survival. However, egg size also 
may be an important factor, since larger 
eggs imbibe greater quantities of water 
subsequent to fertilization. This post-
fertilization period of water imbibition 
well nay represent the time during develop
ment when egg permeability is most altered 
and when developing systems are exposed to 
greater quantities of trace metals. 

In the bass and goldfish, where 
developmental time and egg size are gen
erally similar, embryonic survival values 
are in relatively close agreement (Table II). 
Though not reported in this study, embryos 
of the catfish, goldfish and bass which 
survived treatment with mercury displayed 
frequencies of gross teratologies approaching 
those given for trout embryos. 

given in parentheses. 
As previously noted by Birge and Just 

(2), inorganic mercury was found to pro
duce degrees of lethality and anomalous 
development comparable to those given for 
methyl mercury. 

Mercurial toxicity generally was found 
to vary progressively with developmental 
tine for each species, as shown for the 
goldfish ar.l trout in Table III. However, 
somewhat higher rates of lethality nor
mally were observed to occur in the first 
one OT two days following initiation of 
treatment. This is evident in data reported 
for trout embryos, where 25% and 41% lethal
ity occurred during the first 3 days of 
treatment at concentrations of 0.01 and 0.05 
ppm (Table III). Following continuous 
exposure to mercury during development, 
those animals which lived through hatching 
showed high postembryonic survival. This 
is illustrated in Table III where trout 
alevins, which hatched following 24 days of 
embryonic exposure, experienced little or 
no lethality during 3 days of postembryonic 
treatment with methyl mercury. This is in 
contrast to the toxic effects of zinc and 
copper on embryos of certain other species 
of fish, in which late developmental stages 
and early fry have been reported to be more 
sensitive than early embryos ( 3 - 6 ) . 
In comparing embryopathic effects of such 
metals to mercury, it should be noted that 
zinc and copper are essential metals which 
are required at trace levels for norosl 
embryonic development. Unpublished oata 
developed in our laboratory indicate that 
nonessential metals, such a-; mercury, gen
erally are more toxic to enbryos than are 
the essential metals. A1M>, zinc and coppeT 
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likely affect target sites in tissue systems 
which mature and begin to function mod
erately late in development (e_.g_. , gill 
development and respiratory mechanics). 

Trout embryos also were treated with 
cadmium and arsenic. Exposure to cadmium 
resulted in survival values of 981, 91% and 
5S°o at coj.rentrations of 0-001, 0.05 and 
0.1 ppm (Tabic IV). Arsenic was less toxic, 
with 96% and 47% hatching frequencies at 
0.1 and 0.75 ppm, respectively (Table IV). 
Concerning trout embryos which survived 
cadmium treatment, gross anomalies affected 
28-o, 9% and 7% of populations treated at 
0.5, 0.05, and 0.005 ppm. Frequencies of 
gross anomalies among arsenic-treated pop
ulations were- 27%, 11% and 2% at con
centrations of 1.0, 0.25 and 0.025 ppm. 

Judging from the results with chick and 
trout embryos, it seems evident that the 
developmental stages of homeotherms are 
substantially more sensitive to arsenic than 
are those of poikilothermal species. This 
may be due in part to the higher rate of 
oxidative metabolism in the former, as 
arsenic oxides are known to uncouple 
oxidative phosphorylation (7). 

It is obvious from the above data that 
chick embryos are extremely sensitive 'o a 
wide variety of trace metals. Assessing 
the effects of metallic toxicants to avian 
reproduction depends largely upon 1) levels 
of contamination in avian food sources, and 
2) the rates at which metals consumed by 
laying females are incorporated into eggs 
during oogenesis. This is based on the 
assumption that "preaccumulated" egg metals 
constitute the principal source of exposure 
of environmental contaminants to avian 
embryos. Mercury is known to accumulate 
rapidly in eggs of the domestic fowl (8,9). 
Should this prove to be the case for other 
avian species, as well as for othor metals, 
then metallic trace contaminants could 
prove most hazardous to avian populations. 

Fish embryos art; subject to two princi
pal avenues of exposure to environmental 
metals, including the effects of i) metals 
dispersed in natural waters (primary 
exposure), and 2) preaccumulated egg metals 
(secondary exposure). Should fish eggs 
concentrate metals in excess of background 
levels during oogenesis, which appears 
likely (10), then secondary exposure may 
prove especially hazardous. 

Considering the high sensitivity of 
piscine embryos to toxic metals, and the 
alternative avenues by which developmental 
stages may suffer exposure, embryr.genesis may 
well constitute the critical "sensitive 
link" relative to the effects of certain 
metallic pollutants OR natural fish pop
ulations. 

It seems evident that concentrations of 
trace metals which are not harmful or fatal 
to adult vertebrates may prove lethal or 
teratogenic to embryonic forms. Thus, it 
appears essential that protective environ
mental standards for toxic metals be 
established at levels which will safeguard 
embryonic development and reproductive 
potential in more sensitive species. 
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SOIL-PLANT-WATER EFFECTS ON UPTAKE AND MOVEMENT OF CONTAMINANTS* 

R. J. Luxmoore, D. D. Huff and K. R. Dixon 
Environmental Sciences Division 
Oak Ridge National Laboratory** 
Oak Ridge, Tennessee 37830 

Abstract 

Soil-plant water relations are important 
In determining both the amount of solutes 
draining out of the root zone and the 
uptake and movement of materials within the 
vegetation. Computer simulation models of 
these processes have been coupled into a 
Unified Transport Model for contaminant 
movement in terrestrial ecosystems. Model 
applications to oak-hickory vegetation at a 
mesic site (Walker Branch Watershed, Tennes
see) and a more xeric site (Crooked Creek 
Watershed, Missouri) suggest that solutes 
could be transported Into the groundwater 
during most of the year at Walker Branch 
and during the February-May period at 
Crooked Creek. The period of high evapotrans-
piration water loss (June-Sept.) gLeatly 
reduces the amount of water and solutes 
draining from the root zone. 

Introduction 

Soil-plant water relations can be 
viewed as an Interface between two con
trasting scales of contaminant movement. 
Fluxes of materials on the watershed scale 
on one hand depend on the hydrologic pro
perties of large land masses and may involve 

•Research supported in part by the National 
Science Foundation — Research Applied to 
National Needs Environmental Aspects of 
Trace .Contaminants Program under NSF 
Interagency Agreement No. AG-389 and in 
part by the Eastern Deciduous Forest 
Blome, US-IBP, funded by the National 
Science Foundation under Interagency 
Agreement No. AG-199, 40-193-69. Con 
tribution No. 176 from the Eastern 
Deciduous Forest Biome, US-IBP. 
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material transport between different ecosys
tems from ridge top to valley, for example. 
The second scale of contaminant movement 
occurs within the vegetation and the associ
ated food webs. Material transport both 
within an ecosystem and within a watershed 
depends on the soil-plant water relations. 
Solar energy intercepted by vegetation is 
utilized in two important ecosystem processes; 
the photosynthetic fixation of carbon 
dioxide and the evapotransplration loss of 
water from the soil and vegetation. ..Computer 
simulation models of these processes ' 
have bffn coupled into the Unified Transport 
Model and applications of the model to 
two experimental watersheds have been 
undertaken, hn outline of this modeling 
development and the applications, together 
with some of the concomitant field research 
are given below. Aspects of the role of 
soil-plant water relations on uptake and 
movement of contaminants are considered. 

Methods and Results 

The Walker Branch Watershed (WBW) in 
eastern Tennessee and the Crooked Creek 
Watershed (CCW) in southeastern Missouri 
are the two experimental watersheds in 
which contaminant movement is being studied. 
These two watersheds have similarities and 
contrasting features that can be used in a 
comparative analysis of material transport. 
The annual precipitation at WBW is about 
302 higher than at CCW; however, the potent
ial evapotranspiration at the two sites is 
about the same (Table 1). The difference 
between precipitation and potential ET 
represents an amount of water that may be 
draining through the root zone into the 
ground water system. This difference is 
two times higher at WBW than at CCW and 
solute movement may be expected to be 
considerably higher at WBW. The frost free 
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period represents the approximate growing 
season of vegetation. Tlie forests of WBW 
have a longer growing season than those at 
CCW and thus have a greater leaf exposure 
to airborne contaminants and possibly a 
greater period for root uptake of contami
nants from soil. The,soils and vegetation 
at the two watersheds1 ' ' show similarities 
as outlined in Table 1. The oak-hickory 
deciduous forests have associations with 
more mesic species (e.g.. tulip poplar) at 
WBW, whereas at CCW, associations include 
more xeric species (e.g., post oak). The 
wateraheds contrast in thu deposition of 
contaminants. There are three coal burning 
planta in the vicinity of W W that intro
duce traca.aaointts of contaminants to the 
watershed . The CCW, however, has high 
levels of contaminants (Pb, Zn, Cu, Cd, 
SO.) resulting from .the lead mining and 
smelting operations1 ' located on the 
ridge boundary of the watershed. 
Tsble 1. Some characteristics of Walker 
Branch and Crooked Creek Watersheds. 

Welter Breach Crooked Cre* 
• •unh id WaMrahed 

E « T O M S K SEMaouri 

Awiajr nscjpjuooii m 107 
( o v y t ' ) 

rbumulET •1 71 
( c s i y r ' ) 

FroM Fpjc nrtod 230 177 
<*w» 

Soil Ontot Utaol U t M 
Sssmoae TypSchkWWt Hufnic tttfSMiu.pl 
Tyf* Fasartmand Clarkarilleand 

tonne cherty Witdernm cherty 
aftkam SKkwil 

Characteristics Infertile, wry Infertile, awderately 
ptniMiM..wcn rapid permeability. 
drained, low toil «dl drained. Ion-
wau*etorafe(4.2 eon* water ttorafe 
to7.2*),rtroney M-IMt.ttranBV 
add add 

Vegetation Cheenwt oak luck oak (Q. 
(Qwtrcus prims L.) K h i l s i l a n . | 

Short leaf pint 
( H w K h i u U L . ) 

White oak 

Hickory (Carya (pp.) Port oak (Q. 
•ueauWanaeah.) 

White oak (Q. anal . ) Hickory 
Tulip pofSar 

(Uriodendron 
tuapifcra L.) 

Short leaf pine 

Field observations at both watersheds 
shot that most of the root blomass occurs 
in the upper 30 cm of soil, however, some 
roots can be detected below 180 cm. Plant 
species composition, biomass per unit area 
and tissue concentration of contaminants 
are being determined and these data will 
provide a monitor of contaminant movement 
and effects on vegetation. Soil hydraulic 
properties have been.gstimated by labora
tory methods for WBW and are being 
determined at CCW by Mr, J. c. Doll and Dr. 
C. L. Scrlvner, University of Missouri. 
Columbia, using the Instantaneous profile 
method in the field. These laboratory 
and field studies give the relationships of 
soil water content to both auction and 
hydraulic conductivity for each of the 
characteristic horizons in the soil profile. 

Meteorological data being measured in 
the vicinity of each watershed include 
solrr radiation, maximum and minimum air 
temperature, average da.'ly dew point tempera
ture, average daily wind speed and hourly 
precipitation. The varlouB plant, soil and 
meteorological data are used as Input 
values in the application of the Unified 
Tranaport Model to the watersheds. The 
model is a tool that links field data into 
functional relationships for ecosystem 
processes using the common language of 
mathematics. Compsrison of field observation 
with model forecast can provide insights 
into the important pathways of contaminant 
movement in deciduous forest ecosystems. 

An overview of the contaminant uptake 
and movement in a forest and the modeling 
methods used to describe this system is 
given in Figure 1. The coupling of the 
atmosphere-soil-plant water relations model 
with the plant growth and uptake model 
provides two pathways for contaminant 
movement within vegetation. Liquid water 
movement from root.? to leaves and sugar 
translocstion from leave? to roots provide 
carrier pathways for movement of contsminsnts. 
Further modeling developments will link 
litter decomposition and food web models to 
the soil-plant process models, "/foil 
chemistry model under development will 
provide soil solution concentrations of 
solutes that can be taken up with the 
transpiration stream. Empirically determined 
osmotic efficiency coefficients for root 

http://tttfSMiu.pl
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uptake of contaainantB are required in the 
model. 

ATttOSPHEPE-
SOIL-PLANT 
WATER RELATIONS 
aooei 

Figure 1. Solute transport processes in the 
soil-plant-litter-atmosphere system. 

The input data requirements and the 
structural equations of the atmosphere-
soil-plant water relations model are given 
in Figure 2. The four equations and four 
unknowns are solved hourly to describe the 
water fluxes in the system and the water 
status of the soil and vegetation. More 
detailed descriptions ot the^mc-del are 
given in the documentation 

EviponUnf 
Surfac* 

Fioscnm 

EnviiMiMnul condition* (daily) 
Solai natation 
PndptUtkM 
Dew font iciapmtura 

Rdfwncc lo vipof and haai flow 

•ttahtaiM* ID rapot flow (R,) 
Surftnt watii potential (PSIJ 
flant and root tMtoUitcei 
Root distribution la «fi<f two 

•otllaytn 
Soil walai duncltrlKk f « Mdi 

•ollUyii 
Hydi aullc conducthity n walar 

content frr tick 108 Uyti 
Soillayetil 

Structural Equation* 

Vapor flux from surface 
F . - f l M ( I ) 

Calculation I H M combMtd 
entity bnlnaee-eeradynanMc method 

Surface rtartcieritUc 
R . -HPM) 

liquid flux 10 surface 
F . - W S I I 

Calculation uwtttcirtcal 
network equation* 

View fliu - Liquid Aiu 
F , - F . 

Figure 2. Input properties, data require
ments and structural equations of the atmos
phere-soil-plant water relations model. 
The boundary layer resistance, stomatal 
resistance and leaf water potential values 
are transferred to the plant growth model 
as indicated in Figure 3. The production, 
allocation and consumption of sugar materials 
by vegetation is represented by functions ,~\ 
based on the,studies of Penman and Schofield 
and Thornley . The simulated root and 
leaf biomass values are transferred back to 
the water relations model. 

PHOTOSYNTHESIS 

Sugar Production * A 
(CO: »ir 

and Schofield (1951) 

- C O j c h l ) 

I j - M j + I, 

*Vilues from atmosphere-soA-plant water relations model. 

ALLOCATION 

Sugar Tnuuport 

Thom!ey(1972) 
(Sugar1"' - Sugar*"" o r * 0 0 1 ) 

pathway resistance 

CONSUMPTION 

Sugar Consumption by respiration + growth (nonsugar maieriali) 
Respiration • ("(temperature,* amount of tissue) 
Growth * ("(temperature,* water potential,* sugar supply, 

empirical growth pattern) 

Figure 3. Component functions of the plant 
growth and uptake model. Note, ra, rs and ri 
are boundary layer, stomatal and internal 
resistances to CO2 movement from the atmosphere 
to chloroplasts (chl). A is a coefficient that 
converts CO2 into an equivalent amount of sugar. 



These coupled models are based on simplified 
soil physical and plant physiological 
processes and are not purely empirical 
models. The interaction of environmental 
conditions on the system of coupled pro
cesses may give insights into contaminant 
movement that may not have otherwise become 
apparent. In othvr words the model outputs 
may not be necessarily obvious from the 
values of the model inputs. 

Hydrologic simulation results for WBW 
during 1969-70 and of CCW for 1971-72 are 
summarized into three time periods each 
with about the sama precipitation input for 
a particular watershed (Table 2). The 
drainage and streamflov results suggest 
that there would be very little or no con
taminant movement into and from the ground 
water during the October-January ana June-
September periods for the Crooked Creek 
area. All time periods at WBW and the 
February-May period at CCW could have 
solutes transported into the ground water 
and stream from the root zone soil mass. 
The period of high evapotranspirition water 
loss (June-Sept.) greatly reduces the 
quantity of water draining from the root 
zone. 
i'auie i . Hydroiogic inputs and simulated 
outputs for Walker Branch Watershed (WBW) and 
Crooked Creek Watershed (CCW). ET is evapo-
transpiration. Drainage represents the water 
moving across the five foot soil depth into 
the ground water. Data are in cm per unit 
area. 

Oct-Jan Feb-May June-Sept Annual 
WBW (1969-70) 
Precipitation 41.5 41.3 42.0 124.8 
ET 9.0 21.B 35.3 66.1 
Drainage 31.4 26.7 5.8 63.9 
Streamflow 25.0 26.2 13.5 64.7 

CCW (1971-72) 
Precipitation 26.6 32.2 32.7 91.5 
ET 5.2 20.9 44.2 70.3 
Drainage 0.0 19.6 0.0 19.6 
Streamflow 0.6 18.8 1.0 20.4 

These simulation results are given 
as examples. The quantitative reliability 
of the forecasts will become apparent with 
model applications to data foi several 
other years. These two deciduous forest 
watershed research studies and the model 
applications will provide greater undeistand
ing of the transport and residence times of 
contaminant materials in forested areas. 
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abstract 
The accunulation of lead and other heavy 

metals in or on vegetation near lead smelters 
and mines and mills in southeastern Missouri 
was studied during the period 1971-1974. 

An area 12 x 25 miles in the New Lead 
Belt encompassing four (4) mines and mills and 
one (1) smelter and an area 14 x 14 miles out
side the New Lead Belt with a smelter at the 
center were sampled. 

Post oak (Quercus stellata) and shortleaf 
pine (Pinus echlnata) roxiage collected within 
0.5 mile of the AMAX smelter accumulated maxi
mum levels of Pb of 8,125 ppm and 11,750 ppm, 
respectively. Elevated levels of Pb in white 
oak (Quercus alba) and blueberry (Vaccinium 
paljyBEjBPIeaves were detected at distances' 
greater than 7 miles from the smelters and at 
distances of four (4) miles from mines and 
mills. 

Similar patterns of elevated levels of 
Cd, Cu and Zn were found; however, anomalous 
levels of Zn at certain sampling sites could 
not be correlated with their proximity to the 
mines and mills or smelters or other possible 
industrial sources. 

Introduction 
Plants due to their rapid phytotoxic 

responses have been shown to be excellent in
dicators of certain types of contamination of 
the environment. However, the presence of 
contaminants such as heavy metals may not be 
readily detected by visual observations of 
plants but an analysis of their foliage, roots 
or other tissue may serve as an excellent in
dicator of their geochemical environment. 

Plants require sixteen elements, thirteen 
of which are normally obtained from the soil; 
however, an analysis of plant H B S U P B may show 
the presence of several-fold this number. 

The accumulation of lead in or on vegeta
tion near mines and mills and smelters has 
created problans in many countries (Djuric, 
et al. (1), Schmitt, et al. (2), and Goodman 
awfTfcberts (3)). The problem that has caused 
.the first and usually the greatest concern has 

been the death of horses which have been 
pastured in the near vicinity of smelters, 
although in seme cases there have been alleged 
effects on human health. 

Experimental Methods 
To determine the level of accumulation 

of lead and other toxic heavy metals in the 
vicinity of mines and mills and smelters 
leaf samples of white oak (Quercus alba), 
post oak (Quercus stellata), shortleaf pine 
(Pinus echinata) and dryland blueberry 
(Vaocin15n pallidum) were collected in the 
sunmars and falls of 1971, 1972, and 1973 
and in the spring and sunraers of 1974. 

Intensive sampling of post oak and pine 
was carried out in the vicinity of the AKAX 
Smelter. Also, a systematic sampling of 
white oak and blueberry foliage was made over 
an area approximately 12 x 25 miles encompass
ing most of the viburnum Trend or New Lead 
Belt. The area encompasses four (4) opera
ting mines and mills, one mine and mill 
(Brush Creek) under development and the AMAX 
Smelter. Most of the study area is situated 
in the Clark National Forest and is heavily 
wooded, however, the small towns of Bixby, 
Boss, Reynolds, and vibrunum and other indi
vidual duellings are in the area. The sam
ple sites for white oak and blueberry leaves 
were the same, however it was not possible 
in all cases to collect both plant species at 
each site. In addition to Pb, samples were 
analyzed for Cu, Cd, Mn and Zn. 

In the springs and summers of 1973 and 
1974 white oak leaves were collected at 203 
sites in the vicinity of the ASARCO Lead 
Smelter at Glover, Missouri. The ASABCO 
Smelter is outside the New Lead Belt approxi
mately 25 miles southeast of the AMNC Smelter, 
however, lead ore (Hfi) from the New Lead Belt 
is transported to this smelter for smelting, 
initially, it was intended that sampling would 
be limited to an area 7 miles in all direc
tions frcn the smelter. Later samples were 
taken at distances greater than 7 miles be-

*Not presented at the Conference. 
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came analyses of leaf litter indicated lead 
acaaulation beyond the 7 mile distance. 

All saajl— were analysed by atonic ab
sorption spsctrcphotoartry without weaning so 
the results ten emit internal as Hell as 
surface acoaulation. 

Results 

Uaiaually h i * levels of lead in or on 
leaves of poet oak and shortleaf pine in the 
near vicinity (0.5 sdles or lees) of the Affix 
aetltar were datacted. As indicated in Table 
1, andaua values were 8,125 and 11,750 ppm 
for post oak and pine, respectively. The 
area ainayas—1 in this study was limited 
but elevated levels of lead were detected at 
distances greater than 2 sdles. 

The lead contents of white oak and blue
berry foliage in and on samples collected 
during the period 1971-1973 from the 12 x 25 
silt study area are indicated in Figures 1 
and 2 and Tables 2 and 3. 

In the north half of the study area, the 
Affix Hail tar is perhaps the priaary source of 
contamination, however, the influence of the 
sines and sdlls is evident in Figures 1 ana 
2 end undaMedly ease lead contamination re
sults froa or* haulage by truck and railroad 
to the Affix asalter and to smelters outside 
the study area. 

Although it J s not possible from these 
data to establish with a high degree of 
accuracy the background levels of Pb in 
white oak leaves, it appears that it would be 
lass than 20 ppa. Figure 2 and Table 2 
support this thesis. At distances of 6 to 7 
sdla* Pb values had a range of 29.0 to 101.0 
and a aaan of 53.7 ppn. Blueberry leaves 
collected at a distance of 100 yards from 
highways outside the study area and along 
where there had been no lb ore haulage con
tained a seen of 10.7 ppn lead and a maximum 
level of 18 ppn (4). 

In the south half of the study area, the 
Fletcher Mine and Hill complex is perhaps the 
primary source of Pb contamination; however, 
leaded actor fuel and truck transportation of 
Pb or* are contributing factors. As indica
ted by a cosparison of Figures 1 and 2 and 
by a ooaparison of Table 2 and 3, accumula
tion of Pb in and on vegetation in the vicini
ty of a sdne and sill is not nearly as great 
as around a smelter. The distances to which 
anosalcus levels of Pb occur are also less 
than in tte vicinity of a sneltar. 

The asnunt of lead accusulated by white 
oak leaves tended to be only slightly higher 
than that accusulated by blueberry leaves. 
Perhaps this slight difference could be ex
plained by the fact that the blueberry is an 
understory plant and amy be subject to less 

aerial deposit. 
Figures 3 and 4 indicate sampling sites 

and levels of cadmium in white oak leaves and 
blueberry leaves, respectively. Cadmium levels 
ranged from 4.9 pom for white oak and 4.12 for 
blueberry at a distance 1 1/2 miles from the 
Affix Smelter to less than 0.5 ppm at distances 
of 5 miles or greater from the smelter. There 
is excellent correlation between Pb and Cd 
content of vegetation as indicated by a com
parison of Figures 1 and 2 with Figures 3 and 
4. W a n the level of Pb is 20 ppn or less the 
level of Od is usually lass than 0.5 ppm. 

Elevated levels of zinc were present in 
or on vegetation in the vicinity of smelters, 
mines and mills (Figures 5 and 6). levels in 
white oak leaves in the north one-half of the 
study area ranged from a high of 90.5 ppm 
adjacent to the Buick Mine and Mill to a low 
of 11.2 ppm 6 miles southwest of the welter 
and 5 miles west-southwest of Buick Mine and 
Hill. The second highest level was 55.0 ppm 
1 1/2 miles northwest of the smelter. 

In the south one-half of the study area 
levels of zinc in white oak leaves ranged from 
a high of 43.5 ppm 5 miles northeast of the 
Fletcher Mine and Mill to a low of 7.9 ppm 4 
1/2 miles northwest of the mine and mill. Al
though the levels near the mine and mill ap
pear somewhat elevated, the highest levels 
cannot be correlated with their proximity to 
the mine and mill or any other industrial 
source of zinc. The white oak trees in these 
cases may be reflecting their natural geo-
chemical environment. 

Blueberry leaves reflected che Zn con
tamination as a result of the mining activity 
with highs of 87.0 ppm adjacent to the Buick 
Mine and Hill, 50.3 ppm 1 1/2 miles northwest 
of AHKK Shelter and 44.5 ppm adjacent to the 
Fletcher Hine and Hill. The lowest level was 
9.9 ppm at the sampling site 5 miles west of 
Fletcher Mine and Mill. 

Copper levels in white oak and blueberry 
leaves were somewhat elevated near smelters 
and mines and mills (Figures 7 and 8); how
ever, there does not appear to be a serious 
Cu contamination problem at present in the 
New Lead Belt. A maximum level of 14.9 ppm 
was found in white oak leaves 1 1/2 miles 
northwest of the Affix Smelter. Although a 
low value of 1.7 ppm was found at one site 
the mean level at a distance of more than 7 
miles from the smelter was 4.7 ppm and at a 
distance of 5 to 6 miles from Fletcher Mine 
and Mill it was 5.1 ppm. 

Unwashed white oak leaves collected in 
June 1973 in the vicinity of the ASflBCO 
Smelter ranged from 340 ppm Pb at a distance 
of 1 1/2 miles from the smelter to 5.6 ppm 
at 7 miles in a southeastern direction from 
the smelter. Levels of Od in these samples 
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ranged from 2.4 ppm to 0.25 ppm with only a 
few of the 203 samples greater than 1.0 ppn. 

Conclusions 
Vegetation in the near vicinity of shel

ters and to a lesser extent in the vicinity 
of mines and mills accumulate levels of Pb 
that are many fold that of background levels. 
All samples were analyzed without washing, 
consequently, the ratios between internal and 
external lead are not known. 

From these data, it is concluded that 
elevated levels of Pb occur at distances 
greater than 7 miles from the MAX Smelter 
which has a stack height of 200 ft. Also, 
results of the study in the vicinity of the 
ASAHCO Smelter (stack height 612 feet) indi
cate elevated levels of Pb at 7 mile dis
tances or greater from this smelter. Al
though the ASflHCO stack is 3 x height of the 
MAX stack the area of elevated levels of Pb 
is not appreciably greater. 

Elevated levels of Pb appear to occur in 
vegetation at least 4 miles and possibly at 
greater distances from mines and mills, how
ever, the level of accumulation is markedly 
less in the vicinity of mines and mills than 
in the vicinity of smelters. 

Examination of the data for cadmium, 
copper and zinc indicates a similar pattern 
of anomalous levels for these elements as for 
Pb. 
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Table 1 Concentration of lead in leaves of post oak (Quercus stellata) 
and needles of shortleaf pine (Pinug echirata) in vicinity of 
lead smelter operations. 

Micrograms per Gram - Dry Weight 

Distance from 
smelter (mi.) 

Post Oak 

Range of 
Values Mean 

230-8125 3776.70 

71-3800 771.40 

50-1580 250.00 

45-640 192.80 

18-1360 168.97 

Shortleaf Pine 
Range of 
Values Mean 

0 - 0.5 
0.5 - .1.0 
1.0 - 1.5 
1.5 - 2.0 
More than 2.0 

420-11750 3546.36 
101-1475 497.37 
52-1050 273.56 
62-412 142.85 
22-661 123.29 

Table 2 Concentration of lead in leaves of white oak (Quercus alba) 
and leaves of blueberry (Vaccinium pallidum) in vicinity of 
lead smelter operations. 

Micrograms per Gram - Dry Weight 
White Oak 

Distance from 
smelter (mi.) 

Range of 
Values Mean n 

1-2 75.8-1221.0 574.3 3 
2 - 3 122.0- 557.0 299.0 7 
3-4 39.8- 155.0 80.2 4 
4 - 5 28.2- 276.0 93.0 10 
5-6 23.5- 228.0 75.6 12 
6-7 26.0- 121.0 54.5 9 

Blueberry 
Range of 
Values Mean 

141.0-874.0 
93.0-338.0 
21.0-146.0 
34.2-181.0 
24.0-155.0 
29.0-101.0 

495.3 
203.9 
76.1 
68.6 
64.3 
41.6 

3 
10 
5 

11 
10 
u 

Table 3 Concentration of lead in leaves of white oak (Quercus alba) 
and leaves of blueberry (Vaccinium pallidum) in vicinity of 
Fletcher Mine and Mill. 

Micrograms per Gram Dry Weicht 
Bluetoerry White Cak 

Distance from 
road (mi.) 

Range of 
Values Mean n 

0-1 39.0 39.0 1 
1-2 16.5 - 70.0 35.9 6 
2-3 20.0 - 26.5 22.6 6 
3-4 10.8 - 57.7 20.7 10 
4 - 5 12.5 -124.0 29.5 15 
5-6 12.5 - 36.5 22.6 11 

Range of 
Values Mean n 

39.0 - 132.0 85.5 2 
16.5 - 40.0 25.8 5 
16.5 - 27.5 20.6 5 
11.5 - 42.5 20.6 12 
5.8 - 73.9 27.1 17 
S.9 - 24.0 17.7 11 
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THE USE OF 2 1 0 P b AND Cd ISOTOPES IN 
A P H R M M i m w STUDY OF THEIR UPTAKE AND 

TRANSLOCATION BY PLANTS* 

Joseph Rule, Delbert Hemphill 
and J. O. Pierce 

Environmental Trace Substances Research Center 
University of Missouri 

Columbia, Missouri 65201 

Abstract 

Leaf lettuce and white icicle radish were 
grown under greenhouse culture for a period of 
three and one-half weeks. Appropriate solu
tions of Pb(NO,), or CdCl. were applied to 
foliage via a micropipette. These solutions 
also contained radioisotopes of Pb or Cd. The 
plants were grown for an additional three and 
one-half weeks, harvested and analyzed. Re
sults of autoradiography and scintillation 
analyses of the radioisotopes showed foliar 
absorption and subsequent translocation cf both 
metals. In the lettuce the greatest transloca
tion was to the youngest leaves of the plant 
and in the radish to the storage root, in both 
cases the edible portion of these plants. 
Thus, it seems that foliar absorption of 
heavy metals may well be an inportant source 
of contamination of radish and leaf lettuce. 

Introduction 

Plants absorb toxic heavy metals from 
soils as well as the mineral elements essential 
to their growth. Additionally, toxic metals 
can be absorbed by the foliage in aerosol form 
and can accumulate in particulate form on the 
foliage from aerial fallout. Since plants are 
directly or indirectly the source of suste
nance for all animals, the importance of these 
ptenrmena in the food chain cannot be over-em
phasized. 

It has been reported by Brewer (1) and 
Keaton (2) that heavy metals, and particularly 
lead/ are not accumulated to any great extent 
from the soil by plants. Most studies which 
are limited in number, indicate that lead is 
unavailable to the plant or is "fixed" in the 
roots an' only small amounts are translocated 
to the above-ground parts of the plant. 

The extent bo which Pb in aerosol form 
and Pb that accumulates on plant leaves in 
particulate form are absorbed is unknown. A 
few studies have indicated that it is all or 
largely external. The problem of distinguish
ing between external and internal Pb or other 
metals becomes very difficult. Particulate Pb 

becomes embedded in the surface cuticle and is 
extremely difficult to remove by washing. 

Undoubtedly some Pb enters the leaves and 
can be translocated to other plant parts. In 
alkaline or near alkaline soils Fe, Mn, Cu and 
Zn can be unavailable and foliar applications 
have long been used to supply these essential 
mineral elements. To better understand the 
possible environmental effects of the dispersal 
of toxic heavy metals in the New Lead Belt of 
Missouri, it was deemed desirable to conduct 
certain experiments in the greenhouse and 
laboratory under controlled conditions. 

Materials and Methods 

Foliar absorption and translocation of Pb 
and Cd were studied on white icicle radish and 
leaf lettuce under greenhouse culture. Solu
tions of soluble salts of Pb(Pb(l»,>2) and Cd 
{CdCl-) were applied to the plant foliage via 
a^ctopipette. Radioisotopes of each metal 
i""Vb and x u 9 C d ) were included with the stable 
salts to facilitate investigations and sensiti
vity. Plants were grown in pots for three and 
one-half weeks, treated with the appropriate 
metal (Pb or Cd), grown to maturity seven weeks, 
harvested, and analyzed. Care was taken to in
sure that none of the treatment solution 
reached the soil in which the plants were being 
grown. In one set the soil surface was pro
tected by tissue paper over styrofoam and in a 
second set the soil surface was protected by a 
plastic sheet through which the young plants 
had grown with appropriate sealing around the 
stem at the base of the leaves. In both sets, 
analyses of the surface soil of all cots after 
plant harvest showed no evidence of 2 1 0 P b or 

Application of 50 ppm Pb to the foliage 
did not appear to cause burning of the tissue 
but about three weeks after treatment, a dark 
coloration was visible on the leaf surface of 
the treated areas indicating the possible for
mation of insoluble cenpounds of Pb. Applica
tion of 10 ppm Cd caused burning of the foliage 

*Not presented Bt the Conference. 
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in many instances) pointing out the much 
greater toxicity of Od over Pb. 

During harvesting, the plants were sepa
rated into various portions and dried at 60 C 
before analysis. Some plants from each treat
ment were pressed and dried for the purpose of 
making auboradiographs. 

The autoradiograph'3 were made using two 
groups of exposure times of plant material to 
film. leaves to which the treatments were 
applied required exposure of the plant materi
al to the x-ray film for one or two days. All 
other parts of the plants required exposure ° 
tines of up to or over 30 days. 

Results 
Figure 1 shows an autoradiograph of 

-treated leaves of a lettuce plant. The leave? 
were the youngest on the plant at the time. 

Exposure time of the leaf to x-ray film 
was two days, (tost movement of Pb was toward 
the leaf margins but movement to the base of 
the leaf can be seen especially in the leaf at 
the right. Host probably the treatment on the 
leaf to the left spread over the surface cau
sing the large darkened areas. Later treat
ments included barriers on leaf surfaces to 
prevent surface spread of the treatment from 
occurring. 

Figure 2 shows an autoradiograph of six 
(6) radish leaves to which Ca"(Cd109) was ap
plied. The three very intense images on each 
leaf is the area which was treated. Note that 
as before the largest iiLwamatl was toward the 
leaf tip but the pattern of redeposition of 
the Cd is much different. The Od appears to 
be precipitated in spherical bodies, most along 
the transport tissue area but more in the in-
terveinal area than the Pb in the lettuce and 
more than Pb in radish leaves. Cystoliths of 
amorphous CaCo, have been found in plant 
leaves and appear to be a Ca storage mecha-
nisns. Iron has been found as crystalline in
clusions in plastids of willow cambium and 
stored as a Fe-profeein complex in the stroma 
of chloroplasts. Bodies of Al (probably alu-
mino-silicates) have also been found. The 
sane type of Cd deposition has also been found 
in lettuce foliage. 

An autoradiograph of a radish plant to 
which Pb (Pb 2 1 0) was applied is shown in Figure 
3. The younger of the two non-treated leaves 
contains the most P b 2 1 0 . The storage root was 
sliced longitudinally into five pieces. Note 
the highest concentration in the three inner 
slices is around the edge of the pieces, the 
location of the phloem tissue. 

Figure 4 shows an autoradiograph of a 
radish plant after Cd(Cd 1 0 9) treatment. The 
storage root was sliced as described above. 
Note here, however, the ne?-ly even distribu

tion of Cd throughout the storage root of 
the radish. 

Other autoradiograms of lettuce plants 
show transport to other leaves but the highest 
amount other than the treated leaf was the 
lettuce stem, near the treated leaf. 

The following data are from a preliminary 
experiment on foliar absorption and thus parts 
of plants which were analyzed varied from set 
to set. Subsequent experiments with more uni
form design, treatment, and harvest are now 
being analyzed. The data given are for an 
average of five replications with four plants 
in each replication. A fifth plant from each 
pot (replication) was processed for autoradio
graphy. Plants were treated with 180ul of 
lOOppm Pb or Cd per plant (three leaves per 
plant) at 3.5 weeks after emergence and har
vested at seven weeks after emergence. The 
following abbreviations are used in the tables 
below: 

APA - Foliage (leaves) above the 
leaves which were treated 
(youngest leaves of plant). 

LCft - Leaves which were treated, 
excluding the area of 
application. 

BPA - Leaves below those which 
were treated. ,.. 

Table 1 presents data from the Pb anal
ysis of leaf lettuce after treatment of the 
youngest leaves of the plant. From the high 
values of some of the replications of the 
treated leaves (LQA), there is some possibili
ty of surface movement of the treatment solu
tion outside the small area of application. 
The area of treatment removal was as small as 
possible but large enough to remove the resi
due of the original treatment unless some of 
the solution had moved along the leaf's sur
face. 

Numerous other analyses and autoradio-
graphs show such contamination to be minimal 
and no contamination of other plant parts or 
soil. Note that in Table 1 the percent trans
located and the concentration (cpm/g) was 
highest in the youngest leaves and the next 
highest concentration was in the roots, ex
cluding the leaf of application. 

Data from P b 2 1 0 analysis of leaf lettuce 
after PbtPb 2 1 0) treatment of the oldest 
leaves of the plant are given in Table 2. The 
percent translocated and the concentration was 
greatest in the leaves. ,.. 

Table 3 presents results of Pb analy
sis after PbfPb 2 1 0) treatment of radish leaves. 
The highest total amount, parceul translocated 
and final concentration (cpm/g) is for the 
storage roots, the edible portion of this 
plant. Although the percent translocated was 
low, the total amount applied was also low. 
In cases of high foliar contamination the a-
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Figure 1. Autoradiograph of three lettuce leaves after treatment with Pb 

Figure 2. Autoradiograph of six radish leaves after treatment with Cd' 
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Figure 3. Autoradiograph of a radish plant after 

Figure 4. Autoradiograph of a radish plant after 
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Table 1. Data from Pb ^'•alysis of Pb(Pb ) treatment of youngest lettuce 
leaves. 

Plant 
Portion Yield, g cpm/portion 

% Trans
location opm/g 

APA 1.41 172,213 0.59 122,136 

IDA 0.94 2,575,251* 8.80* 2,739,628 

BPA 0.41 6,378 0.02 15,556 

Stems 2.12 21,226 0.07 10,012 

Boots 0.75 2,624 0.01 34,988 

* Possibility of surface contamination. 

Table 2. Data from Pb analysis of Pb(Pb ) treatment of oldest lettuce 
leaves. 

Plant 
Portion Yield,g cpn/portion 

% Trans
location cpm/g 

leaves* 2.62 59,968 0.20 22,885 

Stems 2.19 31,520 0.11 14,393 

Roots 0.75 5,199 0.018 6,932 

* Treated leaves removed. 
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Table 3. Data from Pb^ analysis of Pb(Pb ) treatment of radish leaves. 

Plant 
Portion Yield,g cpnt/portion 

% Trans
located cpVg 

Leaves* 1.74 
Storage Boots 2.71 
Fiberous Roots 0.42 

10,658 0.042 6125 

21,020 0.083 7756 

1,380 0.0054 3285 

* Treated leaves removed. 

109 109 
Table 4. Data from Cd analysis of Cd(Cd ) treatment of radish leaves. 

Plant 
Portion Yield cpra/portion 

% Trans
located cpm/g 

APA 0.57 4,214 0.29 7,635 

LOR 1.04 57,800 4.03 55,138 

EPA 0.55 1,858 0.13 3,401 

Storage Roots 2.72 20,843 1.43 7,671 

Fiberous Roots 0.51 773 0.054 1,541 
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mount translocated could well become very 
significant. ,», , o g 

Data from Cd u* analysis after Cd(Cd-"") 
treatment of radish leaves are presented in 
Table 4. As was the case with Pb 2 1", the per
cent translocated (other than the IDA in this 
case) was highest to the storage roots. The 
storage roots and young leaves (AFA) had the 
same final concentration. 

Scintillation analysis and autoradiogra
phy of P b 2 1 0 and C d 1 0 9 after foliar treatment 
of leaf lettuce and radish ath Pb(ND3)2(Pt>2 " 
and CdCl 2(ca 1 0 9) have shown that foliar absorp
tion and subsequent translocation did occur. 
This phenomena can be an important source of 
contamination especially where foliar accumu
lation is large. Rabinowitz (3) has reported 
foliar absorption and translocation of Pb 
halide aerosols by oats and lettuce grown near 
the San Diego Freeway. 

Many factors, as yet unelucidated, un
doubtedly affect the root uptake and translo
cation of Pb, Od and other heavy metals from 
the sell, and nutrient solutions JS well as 
foliar absorption and translocation of atmos
pheric and aerially deposited particulate 
forms of Pb and other heavy metals. 
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NITRATE LEACHED INTO THE UNSATURATED ZONE FROM 
IRRIGATED SOILS IN COASTAL SOUTHERN CALIFORNIA 

P. F. Pratt, J. M. Rible and K. M. Holtzclaw 
Department of Soil Science 

University of California, Riverside, California 

Abstract 

Where the saturated zone (water table) 
IB sufficiently deep that tile drains are not 
needed to keep the root zone well aerated (free 
from saturation), drainage water moveB by un
saturated flow through an unsaturated zone 
between the root zone and the ground water or 
zone of saturation. The unsaturated zone is 
extremely variable in depth and in texture 
and type of geological material. This "free 
drainage" condition exists in most of the crop
lands of California. Water movement through 
the unsaturated zone into the water table is 
considered to have a very small horizontal 
component, if any, so that flow is downward 
until the water reaches the saturated zone. 
Thus the drainage water does not appear at 
any point where it can be easily sampled. 
When the drainage water reaches the saturated 
zone it is subject to horizontal movement and 
to dilution so that there is no certainty that 
samples taken at the top of the saturated zone 
represent the drainage water that came from 
the overlying cultivated land. Thus, sampling 
and analysis of the unsaturated zone has been 
used as a method of appraisal of losses of 
nitrate by leaching. The rate of flow of water 
through the unsaturated zone is dependent on 
the volume of drainage water and the volu
metric water content of the materials through 
which the water flows. Flow rates , estimated 
from about 100 study s i t e s , ranged from 10 to 
50 years for a 100-foot depth. This means 
that a deep unsaturated zone represents a time 
buffer, i . e . , the time between changes in sur
face management and the reflection of the 

change in quality of water at the top of the 
saturated zone. A recent study showed that 
the nitrate concentration in the water of the 
unsaturated zone in 65 sites in the coastal 
Counties of Southern California averaged 56 
ppm nitrogen. In inland valleys of Central 
California the average of 41 sites was 37 ppm 
nitrogen. The range of concentrations in both 
areas was from less than 10 to more than 
100 ppm nitrogen. In Orange County the ni
trate concentration under citrus culture 
averaged 42 ppm nitrogen with a range of 
from 24 to 100 ppm in the drainage water, 
whereas , under mixed field and vegetable 
cropping systems the average was 27 ppm 
nitrogen with a range of from 6 to 46 ppm. 
Estimates of amounts of nitrogen leached 
averaged 140 pounds per acre per year from 
citrus and 90 pounds per acre per year from 
the mixed field and vegetable cropping sys
tems . The range in the data was 80 to 260 
and 20 to 200 pounds per acre per year for 
citrus and mixed cropping, respectively. One 
characteristic of the data obtained from 
sample of the unsaturated zone is a large 
variability both horizontally and vertically 
that is probably related to horizontal variabil
ity in water infiltration and transmissivity 
rates in the soil profile. Thus, the limita
tion of thiB sampling technique for monitoring 
the drainage water in the "free drainage" 
situation is the large number of samples 
needed to obtain a representative sample for 
a given area or field. 
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THE PROBLEM OF ELEVATED MOLYBDENUM LEVELS IN 
IRRIGATION WATERS 

W. L. Lindsay, D. R. JackBonandP. L. G. Vlek 
Colorado State University, Fort Collins, Colorado 

Abstract 

Many of the waters that drain mining 
areas in Colorado contain elevated levels of 
molybdenum, and some of these are used for 
irrigation. Incidences of molybdenosis have 
been found in some areas . The present study 
was undertaken to investigate the problems of 
using high-molybdenum irrigation waters of 
agricultural so i l s . The magnitude of molyb
denum accumulation in soi ls is illustrated by 
the following example: Application of 30 inches 
of irrigation water containing 150 ppb of 
molybdenum deposits per acre , which, if 
distributed in the upper 6 inches of the soi l , 
would raise the normal molybdenum level of a 
soil from 1 to 1.5 ppm, an increase of 50 
percent. In 20 years sufficient molybdenum 
would be added to raise the content of the 
upper 5 feet of soil by 100 percent. How 
might this much added molybdenum affect 
cattle and sheep grazing of pastures irrigated 
with such waters ? A greennouse study was 

conducted with two acid and two calcareous 
soils to which 0, 2, and 4 ppm of molybdenum 
was added. Addition of 4 ppm of molybdenum 
increased the molybdenum content of alfalfa 
from 0.5 to 7 ppm of the acid soils and from 

.8 to 40 ppm on the calcareous so i l s . Thus, 
the molybdenum level of forages in the cal
careous soils was well above the 10 ppm con
sidered safe tn order to avoid molybdenosis in 
cattle. These findings show there is concern 
that elevated levels of molybdenum in irr i 
gation waters for calcareous soils may 
eventually result in molybdenosis problems. 
Investigations are underway to study the fix
ation mechanism of molybdenum in so i l s , the 
movement of molybdenum-enriched water 
through so i l s , and the development of a soil 
test to a s s e s s plant-available molybdenum. 
The difficulty of establishing water-quality 
standards for molybdenum are discussed. 

ENVIRONMENTAL BIOMETHYLATION OF TRACE ELEMENTS 

R. S. Braman and D. L. Johnson 
Department of Chemistry 

University of South Florida, Tampa, Florida 

Abstract 

Evidence is growing that certain trace 
metals can be mobilized out of natural environ
mental sinks by the mechanism of biomethyla-
tion, alone or in combination with other natur
ally occurring physical and chemical processes . 
Moreover, some of these transformations re
sult in mobilization across air water inter
feres and all result in a change in the degree 
of toxicity of the element in question. At 
least s ix trace elements either have been 
found in the methylated forms In the environ
ment, or have been shown in laboratory studies 
to possess such a susceptibility. These e le 

ments are mercury, arsenic, selenium, 
antimony, tin, andiron. Of these , mercury 
and arsenic have received the greatest atten
tion with good and substantial evidence for en
vironmental biomethylation. Laboratory 
culture work and preliminary environmental 
analysis has indicated the presence of bio-
methylated forms. Laboratory work indicates 
that both aerobic and anaerobic biomethyla
tion can occur. Evidence for trace element 
biomethylation will be reviewed on an element-
by-element bas i s . 
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BENEFITS AND PERILS OF FIELD PROGRAM 

Bobby G. Wixson 
The University of Missouri-Rolla 

Rolla, Missouri 

Abstract 
The benefits and problems assoc

iated with a major National Science 
Foundation - RANH interdisciplinary 
field research program on lead and 
other trace metals in the "New Lead 
Belt" of Southeast Missouri are 
presented so that other investigators, 
agencies, and industries considering 
or involved in similar research might 
utilize these experiences in their 
programs. Factors that must be con
sidered prior to the establishment of 
a successful coordinated laboratory-
field program include the initial 
selection of a representative study 
area to meet the objectives of the 
proposed research. Preliminary deter
minations on the type of tests needed, 
chemicals and equipment required, 
space and time allocated, and admin
istrative procedures are discussed. 
Initial on-site reconnaissance and 
selection of sampling stations must 
consider accessibility, utility 
requirements and special needs. 

Logistical considerations used 
in astimating project expenses and 
tini are discussed, illustrated by 
ex;nples of situations encountered 
such as statistical estimates of 
samples required, projections of number 
of sites needed, man hours necessary 
to travel to sampling locations, pro
blems with seasonal variations, and 
special analytical requirements. 
Design of the projected schedule of 
performance has been found to be a 
major consideration for project manage
ment. 

Program implementation is dis
cussed with reference to the pleasures 
and problems associated with the con
struction-operation of sampling equip
ment, protective design and environ
mental blending of equipment, training 
and supervision of field personnel, and 
the collection, recording, priority 
and validation of samples. Effective 
communications have proven to be of 

major importance to the operation of an 
effective field program requiring 
coordination between all participants. 

Information utilization and 
experiences gained through the cooper
ative efforts developed between indus
tries and agencies are stressed. 
Methods for presenting applied research 
knowledge to appropriate user groups 
and decision makers are presented for 
future considerations and implementa
tion in similar programs. 

Introduction 
A majority of the research pro

grams sponsored by the National Science 
Foundation's - RANN (Research Applied 
to National Needs) Program are con
cerned with practical field work. The 
conception, development and initiation 
of effective field work may be very 
rewarding or a total diaster dependent 
upon how the investigator or research 
group approaches the problems of stalk
ing and bagging the Samplus elusivens 
A well-organized field research pro
gram usually involves a large number 
of researchers, faculty, technicians, 
graduate and undergraduate students 
and therefore assumes all the trap
pings, clamor, logistics and problems 
usually associated in one's mind with 
a full-fledged safari into the remote 
jungles of some lost continent. 
However, many of the answers needed 
for tl"i NSF-RANN projects are to be 
found in the field and brought back to 
the laboratory where they may be 
analyzed, evaluated and hopefully 
applied to solve some of the real world 
problems faced by our nation at the 
present time. 

Experiences gained from the ben-
fits and perils associated with a 
major NSF-RANN interdisciplinary field 
research program concerned with lead 
and other trace metals from industrial
ization in the "New Lead Belt" of 
Southeast Missouri may therefore be 
helpful to other investigators. 
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agencies, or industries considering or 
involved in similar environmental 
research programs. Experience has been 
called the best teachers (if you live 
through it) so one should go forth 
armed with the shield of planning, 
the sharp sword of scientific approach, 
the armor of knowledge, and a desire 
to compete with "Mother Nature" in 
her environment which seldom conforms 
to the idealized situations as visual
ized from textbooks, films, tele
vision, scientific journals or cwiic 
books. By being prepared and fle-.ible 
to change, the field program can ben
efit all while achieving urogram 
objectives. Be aware that you will 
face problems (such as we had with 
the proverbial 200-year flood in the 
Missouri study area — not once but 
twice during 1.973-74), but turn them 
to your advantage where possible. 
With this concept in mind, certain 
factors should be considered for the 
planning and development of an effec
tive field study. 

Selection of Study Site 
The primary consideration for a 

coordinated laboratory-field program 
must be the initial selection of a 
representative study area suitable 
or specified by the objectives of the 
proposed research. The investigator 
or project director and his team must 
go through a serious planning session 
that defines and limits the actual 
field area to be studied or monitored. 
These discussions should include the 
following rationale: 
A. Determination of size and loca
tion of area. This may initially be 
proposed and outlined on maps and 
serial photographs where possible. 
B. Conduct an on site reconnaissance 
and update and modify maps where 
necessary. The U. S. Geological 
Survey 7.5 minute series maps at a 
scale of 1:24,000 are excellent for 
determining contours, land features, 
and other important information. 
C. Select the initial sampling sites 
with regard to accessibility, utility 
requirements (electricity, water, 
gas) and special needs of your pro
ject. 

Sampling =ites should be accurat
ely marked on maps and photographs 
made which can be used to insure dupli
cation in sampling from the same site 
by different investigators. Usually 
at this stage of planning many investi

gators will learn the value of map 
reading, especially after stumbling 
off a cliff or into a stream. The 
field checking of maps is also most 
important since new roads may have 
been constructed, old roa 3 closed 
or portions of the selectti area 
altered since the map was printed. 
Also, be alert to any possible pro
blem source which might contaminate 
your selected sampling location. For 
example, our project had initially 
selected one sampling site only to 
find that a causeway approximately 
200 meters upstream was continually 
used for washing automobiles and 
draining crankcase oil. Heedless to 
say, this would have caused some 
stress on the people carrying out 
precision analysis for trace metals 
in the analytical laboratory. All 
of these factors must be considered 
in the selection of an appropriate, 
economical and accessible study site. 

Selection of Laboratory end Field Tests 
Many investigators initially 

propose to do the full spectrum analy
sis of the periodic chart without 
regard to equipment, chemicals needed, 
personnel and time necessary to 
conduct the proposed test program. 
Again, a scientific approach must be 
made to determine what actually may 
be done as against what one would 
initially like to do. The speedo
meter on most cars registars up to 
120 or 140 miles per hour (doubtless 
to keep the dashboard in harmonic 
balance), but that is not a realis
tic speed (for most anyway). The 
same concept usually holds true for 
scientific equipment used in the lab
oratory and the field. One approach 
to this problem that has been success
ful during the development of the lead 
study project at the University of 
Missouri has been to: 
A. Determine exactly what equipment 
is currently available and in working 
order. 
B. Run initial proposed analysis to 
determine how much time, what kind of 
reagents and what specific glassware 
is required. (With ships, this is a 
shake-down cruise, and in many labs 
will become the breakdown cruise). 
C. Order replacement parts, chemicals, 
glassware, special items and new 
equipment needed immediately since a 
delay time is usually experienced 
connected with administrative proced
ures, transportation and assembly 
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problems that have become even more 
acute due to the present energy pro
blem. 
D. Spend whatever time necessary with 
your purchasing or supply group to 
insure that everyone understands 
proper administrative procedures and 
may acquire supplies in the most 
efficiert and economical way possible. 

Logistical Considerations 
Logistics in military terminol

ogy has to do with moving/ supplying 
and quartering of troops which is a 
fair assessment of what also occurs 
in most field sampling campaigns. 
Fortunately, or unfortunately depen
dent upon your viewpoint, most research 
programs are not run by a project 
general with the authority to declare 
martial law or shoot deserters from 
his research and monitoring group. 
However, some of the logistical pro
blems that must be overcome to conduct 
scientific field programs would 
stagger the imagination of most mili
tary commanders. 

A project director, coordinator 
or leader by any other assorted names 
(most of which are unprintable) must 
be designated to bear the responsi
bility of reporting directly to the 
funding agency, coordinating and 
working with the team involved and 
trying to use the wisdom of Soloman 
(which is difficult dependent upon 
your temple). Considerations which 
must be calculated, tried, revised and 
updated should include the following: 
A. Estimate number and type of 
samples needed for each sampling site. 
Initial suggestions and revisions 
should be made by team members quali
fied in that area. 
B. Plan man (people) hours necessary 
for travel to and from the Sield, 
placement and maintenance of equip
ment and use of special vehicles. 
C. Remember seasonal variations in 
the studied area and take into account 
the loss of time and fewer samples due 
to weather conditions. For example, 
during the rainy season in Missouri, it-
is important to keep on paved or gravel 
roads, otherwise one spends many long 
hours in the spring trying to deter
mine which mud hole the pickup might 
be sunk in. 
D. Special analytical requirements 
which necessitate sample collection, 
preparation and analysis in a specified 
time period must be considered and 

blended into the total program where 
possible (1). Train personnel to 
take severs 1 types of samples so that 
maximum utilization can be made for 
each persons travel and field timr̂ . 
E. Design a performance schedule but 
realize that it will require constant 
modifications to rapidly adjust to 
unforeseen circumstances. Settle 
upon a standardized method for report
ing which is acceptable both to the 
research group and references with 
measurements and data reporting 
efforts by agencies or industries 
working with the same problems. 

Procram Implementation 
Once the program has been planned, 

the field operation is implemented, 
and while ofte i difficult, confusing, 
or time consuming, it is always excit
ing and definitely not routine. 
Evaluations by trained people in the 
field actually taking the sample are 
one of the most critical parts of the 
program. All the testing and analy
tical precision may be without value 
if they lack the on-site evaluation of 
the field worker to judge what condi
tions prevailed st the moment of 
sampling and its relationship to the 
total program. 

The field program also brings a 
fresh sense of relief to the desk 
bound warriors who can return from the 
field work refreshed, in touch with 
reality and to allow their sunburned, 
wind-chapped, chigger swollen, tick-
bitten j weather worn countenance to 
be the envy of their not so fortunate 
colleagues. The non-field people must 
also suffer through lengthy tales of 
of heroic adventure and fantastic 
actions necessary to collect and bring 
back alive the specimens needed for 
the project. 

Areas which must be considered 
during the active field program 
include: 
A. The construction, modification and 
operation of equipment in the field. 
B. The protection and environmental 
design of equipment so Jiat it will 
not be damaged, removed or noticeable. 
C. The training and supervision of 
field personnel to gain maximum utili
zation for their efforts and time 
spent. 
D. The proper collection, preparation, 
transportation and testing of samples. 
This requires that a standard method 
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of recording and reporting be employ
ed so th-it the information is under
stood by all investigators. It is 
also important to establish a priority 
to determine which samples are collec
ted and analyzed in what order to 
best achieve the objectives of the 
project. 
E. The validation of samples is 
important since many investigators, 
industries or agencies may initiate 
control or correction action based on 
analytical data. It is, therefore, 
important that some type of validation 
be maintained in analytical laborator
ies by means of sample splitting, 
spiked samples, reference samples and 
sampling sharing and comparison with 
other qualified analytical labora
tories . 
F. Communications between-within-
without, written, telephone and person-
to-person remain as one of the most 
important aspects of any field or 
laboratory program. Host problems 
arise through the lack of communica
tions. A good sense of humor helps or 
"laugh and the world laughs with you, 
cry and you cry alone" and stain 
your best tie. 

Always attempt to learn and ob
serve the local ground rules appli
cable to your study area since most 
projects depend upon the cooperation 
of the local population if their 
equipment and field personnel are to 
function properly. This requires that 
you keep the local population informed 
on what you are doing and seek their 
acceptance and assistance. Reme'nber, 
General Custer thought he had the best 
field program available. 

Information Utilization 
The National Science Foundation 

RANK Program was initially charged 
with the development of national goals 
and priorities by the National Academy 
of Engineering in their report entitled 
Priorities for Research Applicable 
to National Needs (2). Therefore, 
the test or success of any NSF-RANN 
Project must be the ultimate applic
ation and development of such research 
findings by appropriate user groups. 
This information exchange and utili
zation may be accomplished through 
the following methods: 
A. The development of progress re
ports, technical and general publica
tions which are used by appropriate 
user groups and the concerned public. 

as well as the scientific community 
(3). 
B. The identification of specific 
user groups in appropriate sectors to 
receive research findings in a usable 
form for their decision making process. 
C. The utilization, where possible, of 
research findings from field programs, 
by agencies, industries and other 
interested groups that have the capa
bilities to implement such technology. 

It has also been shown that 
universities can play an important 
role in the development of cooperative 
programs between industries and govern
ment (4). Well planned and executed 
scientific field and laboratory re
search by unbiased groups are more 
easily accepted and utilized by user 
groups that are often cast in an 
antagonistic role. The NSF-RANN lead 
study carried out in Southeast Missouri 
has been successful in solving many of 
the problems encountered with field 
programs and the applications of this 
work has been beneficial to both 
government and industries concerned 
with the development of mineral 
resources and the protection of the 
environment. 

Many investigators continue to 
think of the familar quotes "shoulder 
to the wheel, ear to the ground and 
nose to the grindstone" approach but 
it becomes increasingly difficult to 
do applied research in that position. 
Research utilization must continue to 
be the main thrust of good field pro
grams and investigators should continue 
to develop findings that will have 
practical applications for effective 
technology transfer. 

Field programs do pose interesting 
and sometimes difficult problems but 
most of these can be overcome by care
ful planning and evaluation. Such 
work in the real world offers personal 
and professional benefits through the 
development of findings that may have 
excellent potential toward solving 
national problems. It is hopeful that 
some of the experiences gained and pre
sented may be useful for future con
siderations and implementation in 
field research programs. 
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SOME COMMENTS ON THE MANAGEMENT OF PROBLEM-ORIENTED INTERDISCIPLINARY RESEARCH* 

Vlllard R. Chappell 
University of Colorado 
Boulder, Colorado 60302 

ABSTRACT 

Problem-oriented interdisciplinary re- ' 
search preaentB several unusual challenges and 
problem* to the university and the directors of 
such program. These problens include: (1) 
the relationship of members of the project to 
their departments, especially with regard to 
the reward structure, (2) the difficulties of 
persuading people of different disciplines to 
listen to each other. (3) the competition of 
these prograa« with more traditional programs 
for university resources, and (4) the unaccus
tomed interest of external user groups such aB 
government, industry, and the press in the re* 
search. 

The role of the manager. Ideally, organ
izations are created in order to accomplish 
some set of objectives. Given a set of objec
tives it is possible to bring Into being a more 
or less structured set of activities which must 
be performed to accomplish the desired ends. 
In general these activities will have to be 
directed, coordinated, and integrated in order 
to accomplish the objectives. In most cases 
the continued support of trie activities will 
depend on an effective communication of the 
progress to the organizational entity which 
provides the support. 

The role of management In this scheme Is 
simply to make sure that all this gets done. 
This role can, and often does, encompass the 
following functions: 

1. The conceptualization of the program 
and the communication of the concept to 
external support groups. 
2. The organization of activities neces
sary for obtaining the objectives. 
3. The direction, coordination, and in
tegration of the activities. 
4. The communication of results to ex
ternal user groups. 

In general, the skills needed by the person 
in this role are: 

1. Administrative Competence — the 
ability to think and act In terms of the 
total system. 
2. Human Relations Competence — the un
derstanding of factors involving human be
havior and the use of this understanding 
in day-to-day interactions. 

3. Technical Competence — the ability 
to use pertinent technical knowledge to 
direct, integrate, and plan technical 
activities, 
4. Program Representation Competence — 
the ability to communicate the mission 
and accomplishments of the organisation 
to external Individuals or groups. 

These functions and skills are required of any 
manager in any organization. The exact mix 
required, however, varies widely from one or
ganization to the next and within an organiza
tion from one time to another. Clearly, the 
closer to the bench one 1B the greater the im
portance of technical skills, whereas these 
skills are not an important part of the mix 
needed for a university president.. 

Where does the manager of a problem-
oriented, interdisciplinary program of the 
type represented at this meeting fit into this 
picture? What are the special demands and 
pressures of this job and where are the pit
falls? Before giving you some of my own 
thoughts on this matter,1 I want to warn you 
that I will speaking almost entirely In terms 
of a project in the university setting. There 
will be, I suspect, some problems that are 
shared by government and industrial labora
tories . 

Organizational problems. I submit that 
the planning, direction, and coordination of 
an Interdisciplinary, problem-oriented effort 
is a far more complex task than is the case of 
more traditional research. That should come 
as no surprise to those of us here, hut many 
of our discipline-oriented colleagues need 
convincing. Once one begins to cross depart
mental lines and to involve faculty and stu
dents in the shadowy area between disciplines 
and at the same time to focus on a practical 
end, the difficulties multiply very rapidly 
indeed. 

I won't go Into the more technical as
pects of planning because Bobby Wixson gave a 
far better presentation of these than I can. 
Rather I would like to touch on some of the 
basic problems encountered in this function. 
To a certain extent these problems also have 
technical, human relations, and program re
presentational aspects as well. 

* Work supported by NSF (RANN) Grant GI-34814X 



In aany waya the organisational problems 
Involved in thia type of work are similar to 
thoaa in a government or lnduetrial laboratory? 
The fitting together of people and tasks in an 
appropriate way to reach an objective la shared 
by all organization!. However, many new prob-
leaa ariae becauae: 

1. The preaence of aany diacipllnea 
craatea coaeunicetlon coordination prob-
2. The location in the univeraity sub-
atrata with ita departmental atructure 
give* rlae to centrifugal forcea which 
tend to tear the enterprise apart. 

In order to work with someone froa another dis
cipline each person must learn at leaat some of 
the other's vocabulary. This la a time con
suming, often frustrating process. But pro-
faaaionals find it difficult to take the time 
to listen effectively to soaeone whose language 
or Methods are different. This natural tend
ency requires soaeonc to help it get done. The 
managerial role here la to Monitor thia process 
and to act aa an interpreter. The effective 
integration of efforts requires a constant 
realization of the aystea aa a whole. 

One of the aost difficult problaaa I've 
encountered la that of getting phyaical and 
social scientists to listen to each other. I 
aust aay I aa largely at a lost with thia one. 
I do think that there ie aoae hope for our 
students whose prejudices in thia direction are 
hopefully, aoaewhat less firmly established. 

The natural opposing forces, generated by 
our traditional disciplinarian training are re
inforced by the power atructure of our Insti
tutions. Host universities, at leaat large 
ones, are char-rterized by a pancake structure 
with authority and power spread out among 
trustees, administrators, faculty, and students 
In a very confusing way. In fact, we might 
better characterize the power atructure as a 
blueberry pencake because set within the dif
fuse pancake atructure are small power canters 
much aa departments, schools, and colleges. 
Basically organised around disciplines or col
lections of related disciplines, these city-
states are sources of considerable power and 
they guard their boundaries quite vigorously. 

The division into discipline-oriented 
departments carries with it a number of im
portant consequences. Among these are: 

1. The faculty member Is evaluated and 
rewarded at this level. 
2. The physical location of faculty ant 
students may be determined by this divi
sion. 
3. The department is the aola Judge of 
what constitutes acceptable work by stu
dents. 

The result of this Is that unless there Is an 
intervening power, the project members are at 
the aercy of their departments In terms of 
rewards, physical location, and freedom to 

define some ereas of their work. In turn the 
project aanager can find his ability to organ
ize the group into en effective whole severely 
affected by the uncoordinated actions of sev
eral different departments. 

In aoae institutions the dlvieion of over
head can be a source of considerable problems. 
In our institution the amount of overhead re
turned to the departments la ao small that it 
isn't worth fighting over. 

There are, of courae, aany different in-
atitutional arrangements for interdisciplinary 
reaearch ranging from no special arrangement, 
aa la our caae, to formal Institutional struc
tures. At an earlier time I believed that the 
lose of flexibility that often occura with for
mal institutes was not worth the gain. I now 
as convinced that ad hoc arrangements are in
herently unstable. The people engaged in these 
efforts nsed a home other than or in addition 
to their department. 

There ere four reasons for ay strong con
viction concerning a need for an lnstltutionsl 
home for this work. The first is rather gen
eral, the remaining three more specific: 

1. The forces operating in a strictly 
departmental structure are almost always 
in a negative direction. 
2. With rare exceptions, the reward ays-
tea at a departmental level will at best 
be neutral — more often negative. 
3. The commitment of reaourcea by the 
univeraity puts the program in direct 
competition with the departments. 
4. The possibility of controversy arising 
from problem-oriented research carries a 
risk for the entire university. 

I believe that the importance of thia type of 
work to society, science, and education la too 
great to leave to the mercy of departments 
which will largely aee thia work as a threat. 
There are risks to creating institutes, and 
these risks should be recognized, but univer
sities must decide whether to fish or cut bait. 

Technical proble Although the project 
manager may often have a research effort of 
his own, the basic technical skill that is 
needed is the ability to plan, coordinate, in
tegrate, and communicate the efforts of the 
varloua members of the project. This requires 
a spectrum of effort and knowledge which la 
fairly flat over the apread of disciplines in
volved rather than peaked as would be the caae 
with the other members of the group. But the 
Intensity aust be high enough to be above the 
noise level. 

Thus the project manager uust be careful 
to read widely and follow closely the efforts 
of the various members of the group. Evan the 
aost prodigious efforts aay not be sufficient 
to allow the director to be fully aware of 
possible gaps or trouble spots, and the sits 
visit team can, if well chosen, bring to tha 
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director Important Insights Into the program. 
Tha elte visit teas say be particularly helpful 
with the technical evaluation of the perform
ance of the group. 1 have found the site 
vlsltSa while an ordeal, to be immensely valu
able in correcting my eveluatlon of tha techni
cal work. Needless to eey, a well-done site 
visit can be Immensely valuable at budget-
cutting time. 

The technical skills demanded of the mane-
gar are thus not those of an Individual re
searcher. This person must paint with a broad 
brush and act In a coordinating, interpreting, 
facilitating, and integrating manner. But the 
director must have a capability for scientific 
criticism that enables him to see serious flaws 
and appreciate the value of the work of Indi
viduals with far greater technical competence 
Is a particular area than ha. Moreover, when 
gaps are noticed, or when the work of an Indi
vidual seems to veer away from the objectives 
of the program ths dlrsctor must not only have 
sufficient technical skills to bs aware of the 
situation but also to communicate effectively 
enough on a technical level to solve these 
problems. 

**-~7 Tactions problems, since I dis
cussed a number of eapecte of this area last 
year, I will concentrate mostly on those prob
lems which are present because we are In s 
university. As we all know a university Is a 
rather odd subculture with e value system 
which Is rather different from the rest of 
society. We must expect that behavior of In
dividuals In this setting to be determined in 
pert by the commonly shared velues of the uni-
vsrsity community. Since msny of the well-
established values of the university community 
run counter to the mode that we are working In, 
we can expect members of such projects to have 
mixed feelings at times concerning tha values 
of their work — even If their colleagues and 
friends are supportive. Perhaps those Involved 
in management have a particular problem because 
admlnlstratore or managers are generally held 
in low esteem by the university community. 

The individuals Involved in these projects 
are thus subject to strong cultural forces 
which oppose Interdisciplinary problem-oriented 
activities. These forcee arise from values 
and goals which seem to be In- conflict with 
tha purposes of the research sffort. 

Thus, one of ths most important functions 
of the manager Is to try to lntegrete the goals 
of the individuals with the goals of the pro
ject. It is Important to design the program to 
provide intellectual stlmulstion and growth. 
This means that there must be sufficient flex
ibility to allow for changes of direction which 
maintain intellectual excitement while still 
meeting the objectives of tbs program. 

another way to help with this problem is 
to build a cohesive group which shares values 

that are more in line with the goals of the 
project than the values of the university com
munity. The members then obtain reinforcement 
from this smeller group which helps the pro
cess of developing compatibility between Indi
vidual and organizational goals. 

While 1 believe thet many of the velues 
in the university community ere in great need 
of revision, 1 do not advocate a wholeaale 
chenge of theae values. Rather there ehould 
be a tension that exists between the more tra
ditional vslue of knowledge for its own sake 
and knowledge for society's sake. This ten
sion will help us keep a proper perspective. 
Clearly, there ere msny socletsl problems 
which the university cannot desl with very ef
fectively. Those problems requiring Immediate 
and massive responses don't sasily lend them
selves to the university atmosphere. 

Institutional representation. At various 
times In the life of s program, but particular
ly toward the end when user interactions often 
increase, the representation of the organisa
tion to external groups end individuals la a 
crucial activity. This activity is not essily 
separable from the organizational function be
cause the ability to see the effort as s whole, 
in a systematic way, la necessary in order to 
present it to the outside. The prepsration of 
research plans, management plans, and the like 
benefits both of these sreaa for theee efforta 
demand a cogent presentation which helps the 
manager view the effort as a whole and aids in 
his representation of the project to external 
groups. I believe that these efforts, If used 
wisely by those who evaluate the program, are 
very worthwhile. We all know that poaaible 
danger that la connected with a too literal 
interpretetion of these very coarse descrip
tions and I will spell out one of these dan
gers shortly. 

But, whether used wisely or poorly, it 
seems clear that management plans and other 
plans are here to stay. In fact, they've been 
with us so long that I find it hard to imagine 
life without them. Indeed, maybe we were 
never without them — we just didn't realise 
thet they were around. Perhepa, in some dusty 
files somewhere, we might someday find the 
management plans submitted by Attila the Hun 
or Napoleon, or George Washington. In fact, 
I'm sure that this activity dates back to what 
I refer to as the "original management plan." 
We can only guess st its shape — and only the 
most virtuous of the N.S.F. program managers 
will ever know its true form. A crude guess 
would lndicste that the initial plan waa for 
an exploratory and planning effort. An at
tempt to reconstruct this plsn is shown in 
Figure 1, clearly many details have been 
omitted. 

As useful ss these plana are, they really 
are only a beginning. Th« effort of 
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communicating the mission and results Involves 
a great deal of Interaction on an individual 
level. The manager must try to be aware of all 
possible groups that might have a stake in the 
effort and try to establish and maintain com
munication with them on a person-to-person ba
sis. The writing and distribution of reports 
is useful — but reports can be misinterpreted 
or not read. The real difficulties and risks 
of this type of work are principally in the 
user interaction effort. 

Let me warn you of one type of problem 
which is very difficult indeed. I call this 
the "But you said you could walk on water" syn
drome. This problem arises when the program is 
externally given* either innocently or male
volently* a function it cannot fulfill, such as 
coming up with the "complete" solution to a 
given problem. The;, when you fail to perform 
this impossible feat you are taken to task for 
not producing. 

This problem can arise in many ways. Some
times it may be generated internally because we 
almost always are optimistic about what we can 
achieve. 1 believe we should be optimistic, 
but it is well to be aware of this danger. An
other way this problem can occur is through a 
user group consciously or unconsciously trying 
to put you between them and an adversary. Some 
of the people we deal with are under great 
pressure from various quarters. This leads to 
a very human tendency to set up groups such as 
ours as "the experts with all the answers." 
This is a very precarious position indeed. I 
don't have too many good answers for this prob
lem — it requires diligence, good communica
tion, and fast footwork. 

Having had our small experience with the 
news media this year, 1 have some thoughts to 
pass on that may be useful. Perhaps the fore
most one is that it is very useful to generate 
periodic news releases. This may help to 
avoid the situation of bursting on the scene 
as a great surprise. These releases are not a 
matter of P.R., but rather should be used to 
try to communicate an accurate view of the mis
sion and its results. They should be prepared 
with great care and it helps to circulate them 
widely among one's colleagues for their com
ments. It is a painful, time-consming process, 
and at best, only the local newspaper will 
print all of it. Other papers will abridge it, 
usually to one's dislike (we all have a pride 
of authorship), but in the long run it can 
save a lot of grief. If the media interest be
comes intense, contacting the university news 
service may be helpful. Unfortunately, this 
is a very weak spot at some institutions. 

I have found the interaction with user 
groups to be one of the most satisfying activ
ities of the role. It has given me the oppor
tunity to interact with a wide range of indi
viduals outside the university whom I would 
not have met otherwise. The appreciation I 

have gained for the dedication, capability, and 
concern of many people in government, industry, 
and citizens' groups has given me a sense of 
renewed optimism. 

CONCLUSION 

I have tried here to present a rough pic
ture of some of the functions of a manager of 
a problem-oriented interdisciplinary research 
project and the types of skills — organiza
tional, technical, human relations, and program 
representational — needed to perform these 
functions. I have suggested that in many ways 
the departmental structure of the university 
gives rise to counter-productive or centrifu
gal forces which tend to tear such programs 
apart. I believe that new institutional ar
rangements are necessary if this work is to 
flourish. Many institutions have recognized 
this and are creating various organizational 
forms which can help to balance the centrifu
gal forces. From what I can see there is no 
general agreement concerning the optimal ar
rangement . 

It seems clear that we have entered a new 
era. Unlike the era of the late fifties and 
early sixties when there was an almost blind 
faith in the ability of basic science to pro
duce a better world, the public and its repre
sentatives are demanding that universities 
apply their resources more directly to socie
tal problems. We have been fortunate to be a 
part of this early development. I believe that 
we pave seen that this new era presents new 
challenges and opportunities to the universi
ties. Those institutions that fall to respond 
may find themselves becoming monasteries. 
There are many risks involved in making insti
tutional commitments to this type of work, but 
I feel we have no choice — it is an obliga
tion. 

The universities stand to gain much by 
joining with society in solving important so
cial problems. We can produce students with a 
greater understanding of the contributions 
they can make. We can strengthen our capabil
ities in both basic and applied research. And, 
with hard work and broadmindedness we can re
build the constituencies we lost by becoming 
isolated from much of society. 

The rather unusual functions which are 
involved in directing projects of this type 
has generated a need for individuals with more 
management capabilities than are usually re
quired to direct research efforts in univer
sities. This creates a responsibility on the 
funding agencies and universities to develop a 
more sophisticated management capability than 
we usually encounter in universities. 

I would suspect that many of us who have 
been in the role of project director have 
found our goals and values to have been 
changed significantly by the role. I know 
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that some of us have gone through periods of 
great uncertainty concerning our futures. The 
management role is seductive and there are many 
personal conflicts with the images va had of 
ourselves previously. Many of us will probably 
find our futures to be considerably different 
from the comfortable faculty images wc>. had in 
mind earlier. 

I suspect that many of us, whether in
volved in managing these programs or not, will 
be agents of change In the universities. Per
haps the most significant effect of the RANN 
program will be that it created a subversive 
group of faculty and students who helped change 
the role of the university and in the p/ocess 
helped society and the university. 
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