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EXECUTIVE SUMMARY

To assess the impact of microbial metabolism of the organic substitu-

ents of low level radioactive wastes on radionuclide mobility in disposal

sites, the nature of the microbial transformations involved in this metab-

olism and the effect of the prevailing environmental parameters on the

quantities and types of metabolic intermediates accumulated were examined.

Since both aerobic and anaerobic periods can occur during trench ecosystem

development, oxidation capacities of the microbial community in the pres-

ence and absence of oxygen were analyzed. Results of gas studies performed

at three commercial low level radioactive waste disposal sites were re-

viewed. Several deficiencies in available data were determined. Further

research needs are suggested.

The predominant microbial transformations involved with organic matter

decomposition processes in the low-level radioactive waste disposal trench

are anaerobic, i.e., they occur in the absence of molecular oxygen. This

conclusion is supported by detection of methane gas evolution from trench

sites, by the nature of the organic substances accumulated in trench

waters, and by analysis of trench construction procedures. Methane is only

synthesized biologically under extremely reducing (anaerobic) atmospheres.

Placement of the trench within the soil profile and, in many cases, the

water saturated conditions existent within the trench cavity, preclude

significant oxygen diffusion to the active microbial communities. Major

metabolic products detected in trench waters result from fermentation, an-

aerobic respiration, and 6-oxidation of various waste components. These

reactions yield organic acids, alcohols, etc. Under proper conditions, the

organic acids serve as substrates for methane and carbon dioxide synthesis.

Actually, because of the heterogeneous placements of waste materials within

the trench, methane may be the terminal metabolic product at one site,

while organic acids accumulate at an adjacent site within the same trench.

Thus, significant quantities of organic acids are detected in trench waters

collected from a methane producing site. This results from the localized

occurrence of conditions inhibitory to methane synthesis. At sites which

vn



are not water saturated, conditions may not be favorable for significant

methane synthesis. The terminal metabolic products would then be organic

acids and amines. These products, under proper conditions, may transport

nuclides from the site in trench gases or drainage waters.

The majority of the water-soluble organic compounds detected in trench

waters are postulated to be products of anaerobic metabolic processes.

These include several straight and branched chain organic acids. The

aromatic acids found in trench waters may originate in the primary waste

material or be formed by partial metabolism of more complex aromatic com-

pounds. The aromatic nuclei of these compounds accumulate in the waters

due to their relative biodegradation resistance under anaerobic conditions.

Other organic compounds which are recalcitrant in the anaerobic trench eco-

system are the chelators; nitrilotriacetic acid (NTA), ethylenediaminetetra-

acetic acid (EDTA), and diathylenetriaminepentaacetate (DTPA). These com-

pounds are degraded slowly in the presence of free oxygen and would be ex-

pected to be stable in oxygen-free environments.

Aerobic carbon oxidation within the trench ecosystem is limited to the

time period preceding trench closing and to localities adjacent to breaches

in the trench integrity. This can result from activities of small animals

or plants or from the placement of water sampling pipes. Thus, aerobic

metabolic processes are of minimal significance in the stable site. Aer-

obic processes would assume major importance should the stable, anaerobic

trench be breached at some future date. Then, the accumulated products of

anaerobic metabolism would be subjected to aerobic oxidation. Implications

of insertion of aerobic digestion periods into the waste processing proce-

dures are discussed.

Tritiated and carbon-14 gaseous compounds have been measured both in

waste disposal trenches and in emanations from the trench caps. Estimates

of rates of gas production and amounts released into the atmosphere were

evaluated. Deficiencies in data involving quantities of gaseous products

yielded within the trench, the amount leaving the ecosystem, and the dura-

tion of biological production of these gases were noted.

vi ii



This assessment has demonstrated that the biochemical capabilities ex-

pressed within the low level radioactive waste disposal site are common to

a wide variety of soil bacteria. Hence, assuming trenches would not be

placed in sites with such extreme abiotic conditions that all microbial ac-

tivity is precluded, the microbial populations needed for colonization and

decomposition of the organic waste substances are readily provided from the

waste itself and from the soil of existing and any proposed disposal sites.

Indeed, considering the ubiquity of occurrence of the microorganisms re-

sponsible for waste decomposition and the chemical nature of the organic

waste material, long-term prevention of biodecomposition is difficult, if

not impossible.
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ASSESSMENT OF MICROBIAL PROCESSES ON
RADIONUCLIDE MOBILITY IN SHALLOW LAND BURIAL

Peter Colombo, Robert L. Tate I I I and Al len J . Weiss
Brookhaven National Laboratory

Upton, New York 11973

1. INTRODUCTION

A complex mixture of waste mater ials i s buried in low level radioac-

t i v e waste disposal s i t e s . These include the biodegradable carbonaceous

compounds comprising paper, wood, c l o t h , animal carcasses, s c i n t i l l a t i o n

mixtures and chelat ing agents of decontamination so lu t ions , as well as a

large assortment of non-biodegradable substances such as p las t i cs , metals

and concrete. The l a t t e r l i s t s of materials may be augmented by unknown

quant i t ies of biodegradable substances rendered reca l c i t r an t by the phys-

ica l and chemical condit ions character is t ic of the trench ecosystem. The

main commonality between the mater ia ls , and, in many cases, the only common

property, i s that they are ei ther contaminated with radionuclides or the

radioactive elements are contained in t he i r molecular s t ruc ture . I f , a f te r

these waste materials were placed i n the disposal s i t e , they were "frozen

in s ta te " , i . e . , no fur ther changes i n the i r s o l u b i l i t y , physical state or

pos i t ion in the ecosystem occurred, l i t t l e additional concern, beyond a

cer ta in amount of secur i ty , would be necessary. But t h i s is not the case.

The mobi l i ty of the nuclides i s observed fol lowing trench closure. This

was demonstrated by the detection of carbon-14 and t r i t i a t e d gaseous prod-

ucts emanating from trenches L1-6J, and by the measurement of radionuclides

in trench water leachates L1,7,8J, and soi l cores obtained from beneath

trenches L9,10].

Part of th i s repor t pertaining to gaseous end products was recently
published as BNL-51557 (May 1982), en t i t l ed "Assessment of Microbial Pro-
cesses on Gas Production at Radioactive Low-Level Waste Disposal S i t e s , "
by A. J . Weiss, R. L. Tate I I I and P. Colombo.

Cook College, Rutgers Universi ty, New Brunswick, New Jersey.
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The mobility of radionuclides in the soil ecosystem is affected by the

physical properties of the soil environment, by the chemical state of the

nuclides, and by the direct or indirect action of the microbial community.

Fowler et a l . LIU have shown that the fate of radionuclides in soils de-

pends upon the nuclide charge, solubi l i ty in water, and degree of sorption

to the waste materials. The properties of the soil series and horizons

also controlled nuclide mobility. The amount of the interaction varied

with the nuclide studied. Polzer et a l . L12J found that 137Cs sorbed to

a high degree in a l l the mineral soils examined, independent of soil series

or horizon. Uranium was also sorbed to a l l soi ls, but the degree of inter-

action varied with soil series and horizon. Interestingly, soluble pluto-

nium and americium were sorbed to a high degree by al l soil series and

horizons except the surface layers of a Fuquay so i l . Essington et a l . L13J

suggest that the increased mobility in the surface soils resulted from the

presence of chelating agents. This observation must result in an examina-

tion of the placement of disposal trenches within the soil prof i le and the

source of soil used to close the trench. Since the presence of chelating

agents and the physical and chemical states of both the soil and radionu-

clides are modified during the metabolism and growth of the microbial com-

munity, radioruclide mobility i s , in many cases, mediated by the microbial

degradation of the carbonaceous substituents of the waste material. Modi-

f ications in abiotic properties of the soil may include pH changes, reduced

oxidation potentials (E^K chelator production or decomposition, etc.

Hence, i t is the objective of this report to determine the microbial pro-

cesses occurring in and about the disposal trench, and to assess the impact

of th is microbial act iv i ty on radionuclide mobility.

Microbial growth and metabolism occur under nearly every natural envi-

ronmental condition found on earth. For example, growth occurs from the

extremely cold conditions characteristic of the arctic and antarctic re-

gions L14] to the temperatures of the hot springs of Yellowstone Park L15J.

A bacterium has been shown to grow at temperatures greater than 100°C [16].

Similar diversity is detected with ranges in moisture, pH, and aeration.

Limitations to microbial growth are provided by the avai labi l i ty of essen-

t i a l nutrients and the capability of the microbe to overcome l imit ing
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abiotic factors. Essential nutrients include a) a source of macronutrients

such as carbon, nitrogen, phosphate and sulfur, b) an energy source, c)

electron acceptors, and d) any growth factors and minerals needed by the

microbe. These nutrients and growth factors must be supplied within the

trench ecosystem, either as a component of the waste material, as a mineral

substituent of the waste or so i l , or as a product of the microbial commu-

nity i t se l f . Since products of tnicrobial catabolism of t^e ws-t.e materials

are detected in trench waters, as reported by Weiss, Colombo and Francis

L7,17-19J, substrate limitations do not preclude biodegradation within the

disposal trench, but may l i tn i t the rate of decomposition of the waste sub-

stances.

Two properties of this ecosystem, which relate to the composition of

the gaseous phase and to nutrient regeneration, mitigate d i f f i cu l t ies with

l imit ing nutrients. As wi l l be documented later , the microbes are growing

in the absence of free oxygen. This anaerobic growth is important in that

the yield of microbial cells is considerably less in the absence of oxygen

than occurs under aerobic conditions. Thus, less nitrogen, phosphate, sul-

fur, etc. are required to support an active microbial community. These

nutrients are thus less l ike ly to be l imit ing to metabolic ac t iv i ty .

Should some macronutrients be l imi t ing to microbial growth, the fact that

the trench is essentially a closed ecosystem would s t i l l allow complete

oxidation of the waste substrates, albeit at a much slower rate. Since the

microbial cel ls in which the nutrients are fixed are retained in near

tota l i ty within the trench, the nutrients fixed into cellular material are

not lost to the community. Once the cell dies, secondary feeders mineral-

ize the nitrogen, phosphate, e tc . , and the nutrients are again available

for use in mineralization of the waste.

In the low level radioactive waste disposal s i te , greatest selective

pressure for determination of the extent of biodegradation and the nature

of the biochemical pathways ut i l ized by the microbes is provided by the

physical and chemical properties of the trench ecosystem. This results

primarily from trench position within the soil p ro f i le . Since the trench

is generally located a minimum of 3 feet below the soil surface and may
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extend to a depth of 40 to 50 feet below the soil surface, free oxygen is

limiting. With periodic saturated moisture levels characteristic of some

of the disposal trenches [7], and the capability of the microbial community

to deplete low levels of free oxygen that may reach the trench, free oxygen

will essentially be non-existent in the trench after closure. This conclu-

sion is supported by the detection of significant quantities of mtthane

within the trenches and emanating from the soil surface above the trenches

[1-6]. Methane is synthesized by the microbial community only ur*der ex-

tremely reducing conditions (-200 to -1000 mV). Thus, it is reasonable to

conclude that the predominant carbon degradation pathways in this ecosystem

are anaerobic. Exceptions would occur under the limited situations where

free oxygen reaches the trench via a breach in the trench cap, diffusion

through the soil matrix, or through riser pipes. Sufficient biodegradable

organic matter is Dresent in the waste to cause rapid depletion of t'lis

oxygen. Thus, the major metabolic activities to be assessed in this report

are those that occur in the absence of oxygen. Other limitations to micro-

bial activities within the trench will je discussed, where appropriate, in

evaluating specific microbial transformations.

When compared to aerobic processes, several traits of anaerobic metab-

olism that may affect radionuclide mobility can be listed. These charac-

teristics and an assessment of their effects on radionuclide mobility

follow:

a) Because of the complex interactions required, and the decreased

energy recovery involved with fermentative reactions, complete decomposi-

tion of the substrates to mineral substituents, such as carbon dioxide,

methane and ammonia, occurs at a slower rate in the absence of free oxygen.

Thus, measurable fluxes of carbon-14 and tritiated compounds from the

trench would occur over a longer period of time. The total quantity of

radioactive gases emanating from the trench as carbon dioxide or methane

would not be increased, but the duration of the evolution would be greater.
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b) Because of the use of intermediate metabolites as electron ac-

ceptors (see Section 2.1.2), and the inabi l i ty of certain compounds to be

decomposed under anaerobic conditions, measurable quantities of par t ia l ly

degraded organic compounds accumulate in the absence of oxygen. These

products include alcohols, acids and part ial ly oxidized aromatic compounds.

Organic compounds of these types have been detected in trench waters

L7,17-19j- Part ial ly oxidized carbonaceous compounds may contain carbon-14

or t r i t ium, and thus they may provide a vehicle for removal of these nu-

clides from the ecosystem. Also, since these metabolic intermediates con-

tain acidic functional groups, they may also transport cationic nuclides,

which would normally, in the absence of microbial act iv i ty , be stabilized

into water insoluble states.

c) As a result of oxygen depletion and the microbiological u t i l i za -

tion of alternate electron acceptors, such as n i t ra te , sulfate and carbon

dioxide, the Ê  of the ecosystem is reduced. The highly reducing Ê , of

an ecosystem where methane is actively being synthesized has been shown to

enhance radionuclide mobilization [8J.

As a result of the importance of anaerobic metabolism of the organic

waste materials within low level radioactive waste disposal sites and the

occurrence of nuclide mobility associated with these processes, the i n i t i a l

portion of this assessment w i l l involve elucidating the anaerobic pathways

that can be shown or postulated to occur. Although anaerobic processes

predominate in the ecosystem, aerobic metabolic transformations can not be

excluded from the analysis. Free oxygen wi l l be available to the microbial

community prior to and immediately following closing of the trench. Also,

some oxygen may reach the active microbial community through breaches in

the trench cap, through water sampling pipes, and via diffusion through the

soil matrix. This study w i l l conclude with an assessment of research needs

to provide a better understanding of the trench microbial community as i t

now exists, and to provide data which may be used to develop alternate

means of waste di sposal.
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2. ANAEROBIC BIODEGRADATION OF ORGANIC MATTER

A wide variety of organic substrates are found in low level radioac-

t ive wastes. These include bio logical ly produced compounds, such as pro-

te ins, polysaccharides, l i p i d s , and nucleic acids, as well as man-made

organic chemicals. Many of these are metabolized to mineral substit i .ents,

carbon dioxide, methane, ammonia, etc . by the microbial community. Predic-

t ion of the biochemical transformation involved in th is mineralization

would be d i f f i c u l t , i f not impossible, were not the biochemical pathways

for carbon conversions similar fo r each class of l i v i n g organism. That i s ,

i microbe converting glucose to lact ic acid, for exan.nle, has a l imi ted

number of ways of catalyzing the reactions in th is process. Speci f ica l ly ,

a bacterium fermenting glucose to lact ic acid in a homolactic fermentation

uses the same pathway as occurs in animal muscle during extreme exert ion.

Thus, knowledge of the i n i t i a l substrates, f inal products, and the chemical

and physical parameters of the ecosystem in which the reaction is occurring

allows prediction of the pathways used to accomplish the mineralization and

accumulation of intermediates.

Considerable information has been collected demonstrating metabolic

products accumulated in trench waters and gases. These include the gaseous

substances carbon dioxide and methane [1 -6 ] , plus water soluble fa t ty

acids, aromatic acids, and neutral aromatic ring-containing compounds

(Tables 1, 2 and 3) [7,17-19]. The water soluble metabolic products could

have been formed by several mechanisms:

a) They may have been synthesized by the active anaerobic microflora

functioning in the trench at the time of sampling. Were this the case, the

concentration and chemical nature of these compounds would vary with time.

As the more readi ly degradable substrates are exhausted, products of the i r

decomposition are depleted in the waters.

b) The water soluble products could be the result of any aerobic car-

bon metabolism actively occurring within the confines of the trench.

Should aerobic conditions be found at a l l in the trench, they would be in
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TABLE 1
Organic carbon compounds (acidic fraction) identified in low level
radioactive waste disposal s i t e trench waters. List compiled from

Weiss and Colombo [ 7 ] .

Compound Potential Metabolic Fate*

2-Methylpropionic acid A
2-Methylbutanoic acid A
3-Methylbutanoic acid A
Valeric acid A
3-Methylpentanoic acid A
C5-Branched acid A
Hexanoic acid A
2-Methylhexanoic acid A
Cresol B or C
2-Ethylhexanoic acid A
Cg-Branched acid A
Benzoic acid B or C
Octanoic acid A
Phenylacetic acid B or C
Phenylpropionic acid B or C
Phenylhexanoic acid B or C
2-Methylpropionic acid A
2-Methylbutanoic acid A
Pentanoic acid A
3-Methylbutanoic acid A
Phenol B or C
Isobutyric acid A
2-Methylpentanoic acid A
Phthalate B or C
Vanillin B or C
Toluic acid B or C

*The tenta t ive source and metabolic fate are postulated based on current
knowledge of trench conditions. Classifications are as follows:

A. Probable metabolic intermediate of anaerobic carbon metabolism.
Further degradation l ikely .

B. Potential product of microbial metabolism within the trench but
complete mineralization under current environmental conditions
unlikely. Some oxidation may be possible.

C. Most l ikely a substi tuent of original waste mater ia l . Anaerobic
mineralization i s unlikely or would be extremely slow.

D. Product of complete mineralization of s tar t ing compounds.
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TABLE 2
Organic carbon compounds (neutral fraction) identified in low
radioactive waste disposal s i t e trench waters. List compiled from

Weiss and Colombo [ 7 ] .

Compound Potential Metabolic Fate*

£-Dioxane C

Methyl isobutyl ketone B or C

Toluene C

Xylenes C

Cyclohexanol B or C

Dibutyl ketone B or C

Fenchone C

Tri ethyl phosphate C

Nap thai ene C

Tributylphosphate C

a-terpineol B or C

Bis (2-ethoxyethyl) ether C

2-ethyl-l-hexanol B or C

Camphor C

*The tenta t ive source and metabolic fate are postulated based on current
knowledge of trench conditions. Classifications are as follows:

A. Probable metabolic intermediate of anaerobic carbon metabolism.
Further degradation l i ke ly .

B. Potential product of microbial metabolism within the trench but
complete mineralization under current environmental conditions
unlikely. Some oxidation may be possible .

C. Most l ikely a substi tuent of original waste material . Anaerobic
mineralization is unlikely or would be extremely slow.

D. Product of complete mineralization of s tar t ing compounds.

I-!;'m
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TABLE 3
Miscellaneous organic compounds identified in low level

radioactive waste disposal site trench waters.
List compiled from Weiss and Colombo [7].

Compound Potential Metabolic Fate*

Methane D
Carbon dioxide D
Aniline B or C

4-t-butylphenol B or C

Bis (2-chlorethyl) ether B or C

Bis (2-chlorethoxy) ethane B or C

Bis (2-chlorethoxy) methane B or C

Cycl ohexyl ami ne B or C

Dicyclohexylamine B or C

Diethylphtalate B or C

Dimethylnapthalene C

2-ethylhexanol A

2-phenylcyclohexanol B or C

*The tentative source and metabolic fate are postulated based on current
knowledge of trench conditions. Classifications are as follows:

A. Probable metabolic intermediate of anaerobic carbon metabolism.
Further degradation likely.

B. Potential product of microbial metabolism within the trench but
complete mineralization under current environmental conditions
unlikely. Some oxidation may be possible.

C. Most likely a substituent of original waste material. Anaerobic
mineralization is unlikely or would be extremely slow.

D. Product of complete mineralization of starting compounds.
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the vicinity of the riser pipes and at any location where the trench cap is
breached. This mechanism would be a minor contribution to end product for-
mation, if any significance at all can be attributed to i t .

c) The substances could have been synthesized by a previously active
aerobic microbial community. This would occur prior to and immediately
following trench closing. Compounds of interest in this class would be
those that are biodegradation resistant under anaerobic conditions pre-
vailing in the matura disposal trench. The concentration of these com-
pounds would be expectd to remain constant in trench waters. Changes in
concentration would only result from dilution of trench waters with fresh
water from outside the ecosystem.

d) The substances could have preexisted in the waste materials prior
to burial. These substances would be expected to be recalcitrant under the
environmental conditions in the trench. Depletion of these substances
would only occur through removal from the ecosystem in1drainage waters.

With the diversity of chemical compounds existing in the waste materi-
al , examples of carbonaceous compounds in the trench waters due to each of
the four mechanisms probably occur. The importance and sources of anaero-
bically formed products are the subject of this section. Recalcitrant
molecules will also be discussed here. Gaseous end products are assessed
in Section 3. Aerobic processes will be examined in Section 5.

2.1 Anaerobic Carbon Transformations.

2.1.1. The Organisms.

Anaerobic metabolism has been studied since the pioneering work of
Pasteur [20]. Basically, anaerobic growth of a microorganism is that which
occurs in the absence of molecular oxygen. Two types of microorganisms
that are able to convert organic matter anaerobically to cell substance and
energy exist. These are facultative microorganisms and obligate anaerobes.
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The facultative microorganisms grow and reproduce, both in the presence or
absence of molecular oxygen, whereas obligate anaerobes generate energy and
reproduce only in the absence of oxygen. Obligate anaerobes are actually
sensitive to molecular oxygen in that molecular oxygen causes a decline in
their populations [20]. In all practicality, a spectrum of tolerance to
oxygen is exhibited by obligate anaerobes. Documentation of the occurrence
of obligate anaerobes in low level radioactive waste disposal sites was
provided by the observation of active methane generation within the trench.
The sole bacteria responsible for methane synthesis are extremely sensitive
to the presence of free oxygen [21J.

Obligate anaerobes are generally bacteria. Obligate eukaryotic anaer-
obes (higher plant and animals) are rare [21]. Exceptions appear to relate
to a few protozoa species, which grow in the digestive tracts of termites
and other metazoa [22] and in the rumen of herbivors [23], Although
Stanier [24] cites Aqualinderella fermentans as an example of an obligate
anaerobic fungus, data show that the fungus is really an oxygen indifferent
facultative anaerobe [25]. Thus, no eukaryotic obligate anaerobes are
known except the few protozoa referred to above.

Occurrence of obligate anaerobic bacteria is widespread. For example,
over 97% of human and animal fecal flora is composed of anaerobic bacteria
[26]. As compared to the variety of bacteria found in natural ecosystems,
there are relatively few species of methanogenic bacteria (bacteria capable
of synthesizing methane); yet these highly specialized bacteria are found
in a wide variety of anaerobic ecosystems where active decomposition of
organic compounds is occurring [21]. These include swamps, landfills, the
rumen, human intestines, e tc . Probably the most comprehensively studied
obligate anaerobic bacteria are common soil inhabitants of the genus
Clostridium. These Gram-positive, spore forming bar"Hi are noted for
their diversity of metabolic capabilities and their nearly universal oc-
currence. Members of this genus can ferment a wide variety of substrates,
including carbohydrates, proteins and purines [27-29].
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2.1.2 Energy Yielding Reactions.

Three types of energy yielding oxidation-reduction processes are used

by microorganisms during anaerobic growth. These are fermentation, anaer-

obic (bacterial) photosynthesis, and anaerobic respiration. Two of these

processes are of significance in the waste disposal trench ecosystem. Due

to the exclusion of light from the trench, anaerobic photosynthesis would

obviousi> be precluded.

Fermentation is an energy yielding sequence of oxidation-reduction re-

actions in which organic compounds serve as primary electron donor(s) and

terminal electron acceptor(s). These reactions are characterized by two

general traits. First, because of the large quantities of organic com-

pounds that must be oxidized to yield sufficient energy for cell growth,

large quantities of reduced organic compounds are accumulated L20]. This

results from the fact that oxidation and reduction must be balanced. Fer-

mentative microorganisms use reduction of partially oxidized carbon com-

pounds to balance oxidation. Secondly, growth yields of bacteria per gram

of substrate oxidized aro low because of the necessity of using a portion

of the substrate as a terminal electron acceptor. A common example of a

fermentative reaction is ethanol formation from glucose. A large number of

microorganisms, including brewers yeast, Saccharomyces cereviseae, oxidize

glucose for energy. In the absence of molecular oxygen, acetate serves as

the terminal electron acceptor. The acetate is reduced to ethanol, which

accumulates in the growth medium L30]. Anaerobic bacteria are quite ver-

satile in the number of organic compounds they are capable of fermenting.

These include carbohydrates, ami no acids, purines and pyrimadines [20],

Anaerobic respiration is a more efficient energy recovery process for

the growing microorganism in that energy is recovered via an electron

transport system analogous to that used during oxygen respiration. Exam-

ples of this type of metabolism are sulfate dissimilation and denitrifica-

tion. Sulfate dissimilation is the reduction of sulfate to sulfide by

obligate anaerobic bacteria of the genera Desulfovibrio and Desuifoto-

maculum [20]. Denitrification is the bacterial reduction of nitrate or
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nitrite to nitrous oxide and dinitrogen by aerobic bacteria, which have sub-

stituted nitrogen ixides as electron acceptors in place of molecular oxygen

[31]. Sulfate reduction is of greater interest in waste disposal trenches,

in that with the redox potentials (En) characteristic of this ecosystem,

nitrate and nitrite pools are most likely exhausted in the mature trench.

With sulfate reduction, energy for growth of the bacteria is supplied by

the oxidation of organic electron donors (generally lactate or malate).

These oxidations are usually incomplete; thus, fatty acids, generally as

acetic acids, and carbon dioxide are accumulated in the trench [20]. These

products are significant in the trench ecosystem in that the fatty acids

may accumulate, and thus contribute to the organic carbon content of trench

waters, or they may serve as substrates for methane synthesis. The fate of

the fatty acids is determined by the capability of methanogenic bacteria to

grow on the acetate in the presence of the sulfide. Generally, little

methane synthesis occurs in the presence of active sulfate reduction

[21,32-34]. Bissimilatory sulfate reduction may also serve to control gas-

eous hydrogen levels in the trench gases. Some of these species are capa-

ble of using molecular hydrogen as an energy source during sulfate reduc-

tion [20].

2.2 Other Anaerobic Transformations.

2.2.1 Acetate Production.

Acetate is a key •'ntermediate in anaerobic fermentation of organic

wastes. Primary importance is gained in sites of total mineralization of

carbon to methane and carbon dioxide, in that acetate is a prime substrate

for biological methane synthesis. Also, at sites where methane synthesis

is precluded, acetata will be one of the terminal products of anaerobic de-

composition. Thus, presence of acetate serves as an indicator of failure

of an active methanogenic population to develop.

Acetate may arise from fermentation of polysaccharides or through 0-

oxidation of fatty acids. Fermentation pathways are exemplified by lactic
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acid fermentation. These are hetero- and homofermentative pathways, in

that glucose is fermented to a mixture of acids (lactic, formic and acetic)

in the former, whereas lactic acid is the major product, of the latter

[30,35]. The bacterium catalyzing the reaction gains a benefit, in that

about 7% of the energy contained in the saccharide molecule is used in cell

synthesis [36]. This type of fermentation is common in the decomposition

of polysaccharides, which are major components of cellulosic materials com-

prising paper products, seme fibers, and plant debris.

B-oxidation is the cleavage of 2-carbon acetate units from the end of

long-chain fatty acids. The final product of complete degradation of fatty

acids containing an even number of carbon atoms is acetate. Propionate is

yielded from odd-carbon-length fatty acids, in that the final residue is a

3-carbon compound. This process is of interest in the study of products

accumulated in trench waters, since it is likely the source of variable

length straight-chain and branched-chain fatty acids. Methyl branching in-

creases the resistance of hydrocarbons to microbial attack [37-39]. Al-

though alternative pathways exist for decomposition of these products L40-

42], transient accumulations of these intermediates must be expected to

occur.

2.2.2 Aromatic Ring Decomposition.

Aromatic ring compounds are degraded predominantly, if not exclusive-

ly, under aerobic conditions in natural ecosystems. This results primarily

from the direct insertion of molecular oxygen, in the form of hydroxyl

groups, into the aromatic ring early in the degradative pathway [43].

Hence, in native soils, this oxidation has been demonstrated to be inhab-

ited more quickly, and to a greater degree, by oxygen limitation than by

oxidation of hexoses, amino acids, fatty acids, etc. L44-46]. Anaerobic

microorganisms have developed a pathway for simple aromatic ring decompo-

sition, which has been demonstrated in axenic cultures of bacteria [47,48].

Since the pathway involves the sequential reduction of ring double bonds, a

cyclohexane intermediate is produced. A consortium of bacteria has also
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been shown to reduce aromatic compounds to methane [49-52]. The signifi-

cance of anaerobic decomposition of aromatics in soils and sediments is

questioned. Since aromatic ring oxidation is diminished under oxygen

limiting conditions [44-46], and aromatic polymers accumulate under flooded

conditions in soil [53], occurrence of anaerobic decomposition of these

compounds in the trench environment is minimal, at best.

2.2.3 Volatile Amine anc! Acid Formation.

In the absence of conditions conducive for reduction of organic acids

to methane, i.e., at intermediate redox potentials (En), volatile organic

acids and amines will accumulate, and thus may be lost from the site in

waters or gases. These substances would accumulate in ecosystems in which

the En is insufficiently reduced to allow for methane synthesis to occur.

Thus, fatty acids would be amongst the final products of organic matter

degradation. Under the acidic conditions, which could occur naturally in

the site due to the original waste composition, and which could result from

the acids produced by the microbial community, a portion of these fatty

acids could be volatilized.

A common reaction, catalyzed by a wide variety of anaerobic bacteria,

is the decarboxylation of amino acids [54]. This reaction is depicted as

follows:
RCHCOOH

Amino acid Organic amine Carbon dioxide

The products of this reaction are frequently volatile. Thus, in the ab-

sence of further catabolism, they could become a part of the gas phase of

the trench ecosystem.
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2.3 Organic Compounds in Trench Waters Which May be At t r ibuted to
Anaerobic Decomposition

As has been shown by the l i m i t e d number of metabolic pathways pre-

sented in th i s report alone, a tremendous number of metabolic intermediates

are formed during the biodegradation of organic compounds. Fortunately,

only a few of these intermediates are found outside of the microbial c e l l .

Generally, intermediates in biochemical pathways w i l l not be released from

the microbial c e l l in s ign i f i can t quant i t ies un t i l a l l transformations that

can be accomplished by the microorganism are completed. Exceptions are

when the microbe is grown under conditions that severely l i m i t i t s growth.

Thuss with a knowledge of the various metabolic transformations occurr ing,

organic compounds released in to the growth medium can be grouped i n to the

fol lowing four general classes:

a) Compounds which can only be pa r t i a l l y mineralized by a s ingle

microbial group, but to ta l mineral izat ion wi th in the ecosystem is possib le.

There are a large number of organic compounds which are only p a r t i a l l y o x i -

dized by a s ingle microbial species. An example of th i s type of react ion

is demonstrated as fol lows:

species species species species

x x y z

A * B > C >• D * E

In this reaction sequence, A is transformed through intermediate B to

product C by species x. C is then released into the growth medium, where

species y oxidizes it to D. This process is repeated by species z in the

conversion of D to E. Intermediates C and D may accumulate to some degree

in the growth medium. The amount of intermediates accumulated will depend

upon the population densities of species x, y ar.d z and their relative ef-

ficiencies in catalyzing the reactions.

b) Products which can only be partially oxidized within the ecosys-

tem. Organic compounds which are a combination of decomposable and non-

degradable or recalcitrant chemical groupings may be introduced into the
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ecosystem. In this case, the degradable portion of the molecule may be

oxidized, while the resistant portion accumulates. For example, an aro-

matic ring with a long fatty-acid side chain may be degraded in the trench

ecosystem to benzoic acid and acetic acid. The acetic acid would be metab-

olized to methane, whereas the benzoic acid will accumulate.

c) Carbonaceous compounds, which cannot be metabolized under the en-

vironmental conditions existing in the ecosystem. Examples of this type of

compound, which would be detected in the waste disposal trench, are aro-

matic ring compounds, as discussed above, and nitrilotriacetic acid (NTA).

NTA is oxidized slowly in the presence of molecular oxygen, but metabolism

of this substrate is essentially nonexistent under anaerobic conditions.

d) Products of complete mineralization of starting substrates. These

compounds are produced by one or more microbial groups and cannot be fur-

ther metabolized by any other organisms within the ecosystem. An example

of this type of product in the waste disposal trench is methane.

Further complications in interpretation of intermediates of oxidative

pathways requiring participation of several different microbial groups are

encountered because of the heterogenous character of the low level radioac-

tive waste disposal trench. Waste materials are not placed into the dis-

posal site in a homogenous manner. Thus, conditions may exist in one por-

tion of a trench for complete mineralization to methane and carbon dioxide,

whereas acetate may accumulate in adjacent locations of the same trench.

Thus, a wider variety of intermediates would be expected to accumulate in

trench waters than would be found in a more homogenous environment. Mixing

of the water-soluble products by water movement would mitigate some of

these difficulties.

Analysis of the types of organic compounds found in trench waters

(Tables 1-3) indicates that examples of each of these classes of compounds

are detected. Several examples of intermediates of g-oxidation are found

(propionic acid, pentanoic acid, hexanoic acid, etc.), as well as examples

of products of this, type of oxidation, which may have accumulated because
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of the existence of methyl-side chains. The aromatic acids could be prod-

ucts of partial oxidation of side chains of more complex aromatics, or be

non-metabolized components of the original waste. The fact that many of

these compounds are intermediates accumulated during active anaerobic

metabolism, and that they will be further decomposed by the microflora was

shown L7,55,56]. In these studies, mineralization of the accumulated in-

termediates to methane and carbon dioxide was shown. Complete categoriza-

tion of the intermediates into the various decomposition classes listed

above is difficult without a more detailed accounting of the original

composition of the waste than is currently available. Most probably, the

p-dioxane and toluene were contained in the waste when the trench was

closed. Appreciable anaerobic decomposition of these substances is un-

likely.

A more detailed understanding of the source of these organics and the

extent of metabolism within the trench would be provided by an extended

sampling of the trench waters with time. Quantitative and qualitative

analysis of the organic carbon contents with specific emphasis on key com-

pounds, such as methane and acetate, would greatly increase our understand-

ing of the complex biochemical transformations in this ecosystem.
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3. SOURCES OF GASEOUS END PRODUCTS (ANAEROBIC)

As previously indicated, several gaseous products are y ie lded during

the to ta l mineral izat ion of carbonaceous waste substances buried in low

level radioact ive waste d isposa l .s i tes . These include methane and carbon

dioxide. A gaseous metabolic intermediate, also formed under anaerobic

condit ions, i s molecular hydrogen, which has also been detected in trench

gas [ 1 , 6 ] . Methane, carbon dioxide and hydrogen production in the trench

ecosystem i s the subject of t h i s sect ion. Topics to be discussed are:

a) nature of the biochemical reactions leading to gaseous end

product synthesis,

b) factors l im i t i ng the rate of vo la t i l e gas formation,

c) transformations of methane and hydrogen as they pass through

the so i l p r o f i l e , and

d) f i e l d studies of gaseous releases.

3.1 Biological Production of Hydrogen, Methane and Carbon Dioxide.

3.1.1 Hydrogen.

The presence of hydrogen in the trench ecosystem is important, in that

i t serves as a substrate fo r methane generation and provides a vehic le for

gaseous evolut ion of t r i t i u m from the trench as ^HH or ^Hg. Although

the role of hydrogen in anaerobic decomposition processes is s t i l l l i t t l e

understood, several degradative processes have been shown to y i e l d hydrogen

amongst the products. The metabolism of Clostr idium species (a group of

anaerobic, spore forming bacter ia) and many non-sporulating anaerobes y i e l d

hydrogen. These bacteria produce end products such as short-chain f a t t y

acids, a lcohols, a:nonia, carbon dioxide and hydrogen through the anaerobic

decomposition of cel lu lose and other carbohydrates, amino acids, purines

and pyrimidines [ 5 7 ] , a l l of which are found in organic low level rad io -

active waste mater ia ls. In t h i s biochemical transformation, hydrogen i s

generally produced from reduced non-heme-iron p ro te in , fer redoxin, v ia
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hydrogenase action, but never from the direct oxidation of reduced nicotin-

amide adenine dinucleotide (NADH) [58,.

Decomposition of fatty acids, intermediates in the decomposition of

lipoidal materials and amino acids yielded by protein hydrolysis, also oc-

curs by B-oxidation. Hydrogen can be released directly from B-oxidation,

as is shown in the following example of the oxidation of butyric acid [30,

58]:
CH3CH2CH2C00" + ZH20 »2CH3C00~ + 2H, + H

+

Butyrcte Acetate

Hydrogen can also be produced during the B-oxidation of fatty acids con-

taining an odd number of carbon atoms. This is shown by the oxidation of

propionic acid:

CH3CH2C00" + 2H20 * CHgCOO" + Cf>2 + 3H2

Propionate Acetate

The fate of the acetate so produced is varied. It can be reduced \;o etha-

nol, catabolized further to methane and carbon dioxide (see methane sec-

tion), or leave the ecosystem unchanged. Should the acetic acid be reduced

to ethanol, hydrogen can be formed by the reoxidation of the ethanol to

acetate [59]:

CH3CH20H + H20 »CH3C00" + 2H2 + H
+

Ethanol Acetate

This reaction does not result in energy production for microbes unless the

hydrogen is eliminated immediately. Such is the case with the microbial

symbiosis, formerly known as Methanobacter omilianski. This culture was

originally felt to be comprised of a single bacterial species that was cap-

able of converting ethanol to methane and carbon dioxide. Further study in

Wolfe's laboratory [59] demonstrated that the culture was comprised of two
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bacterial strains. One member of the association catabolized ethanol to

acetate and hydrogen. This was designated the "S" organism. This organism

is incapable of growth in the absence of the second organism, Methanobacter

strain M.O.H., which removes the hydrogen that is inhibi t ing the growth of

the "S" organism. The Methanobacter uses the hydrogen as an energy source

during methanogenesis.

Further sources of hydrogen result from the fermentation of various

carbon sources. For example, glucose, a subunit of cellulose, is fermented

by Clostridium pasteurianum to acetate, butyrate, carbon dioxide and hydro-

gen.

These reactions indicate the wide variety of substrates anH . ctions

that can produce hydrogen gas in the trench ecosystem. In al l u-.bHS, t r i -

tium can substitute for one or both of the hydrogen atoms in the molecule.

The fate of this hydrogen, once generated, is varied. Within the confines

of the trench, the majority is l i ke l y to be used as a substrate for metha-

nogenesis. Hence, any tr i t ium atoms contained in the hydrogen molecule

would enter methane. Although recent studies [60] suggest at least a

portion of the hydrogen atoms comprising methane may be derived from water,

some apparently also arise from the hydrogen. Due to the mobility of the

hydrogen gas, a portion would also be expected to enter the gaseous phase

of the ecosystem, and thus diffuse from the confines of the trench. Be-

cause of the ubiquitous occurrence of aerobic hydrogen oxidizing bacteria

[61,62], rapid oxidation of the hydrogen would be anticipated to occur as

i t passes upward through the soil pro f i le . Therefore, l i t t l e , i f any, hy-

drogen gas would be expected to leave the soil environment. Perturbations

of the ecosystem, which could result in rapid efflux of the gaseous phase

from the trench, could cause hydrogen to enter the soil profi le at a rate

faster than i t could be metabolized by the bacterial community. Also, ac-

t ive removal of trench waters from the ecosystem must be anticipated to

contain measurable quantities of -*HH and 3 ^ . Further f ie ld measure-

ments of 3HH and 3 ^ fluxes from the surfaces of trench sites to doc-

ument and quantitate evolution of t r i t ium from the soil in this form are

suggested.
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3.1.2 Methane.

Production of methane within anaerobic ecosystems and the subsequent

loss of the gas from these environments are common occurrences. Produc-

tion of methane in sediment muds of lakes, the hypolimnion of deep lakes

and swamps and bogs [21] is well studied. Ignition of methane evolved from

swamps and bogs results in the pale blue elusive l ights known as "w i l l -o 1 -

wisp" [58] . More recently such lights have been termed UFOs. Methane

production is common in l iv ing organisms, as in cow rumen, which contains

approximately 100 l i te rs of fermenting plant products, producing 200 or

more l i t e r s of methane per day. About 8-10% of the carbon ingested by the

animal is lost in this fashion [58]. An active methanogenic community is

also found in heartwood of l iv ing trees located on poorly drained soils

[63], Current interest in methane generation has extended to studies of

land f i l l sites [64,65], sludge digestion [66] , and anaerobic fermentation

of biomass for methane as a source of recoverable energy. Landfi l l sites

have been studied as energy sources as well as from the view of assessing

the probability of ignit ion of accumulated methane [64].

In each of the above examples, and as with methane generated in low

level radioactive waste disposal sites, the biological reactions involved

with methane production are the same. A complex organic substrate must be

decomposed to acetate, carbon dioxide and hydrogen, the substrates used by

the methanogens (Fig. 1). Since methane production is the end product of a

long chain of substrate conversions, the intimate association of several

species of bacteria, including the methanogen, is necessary. This obliga-

tory association for the synthesis of a product is termed a microbial con-

sortium. For example, a consortium of several bacteria was demonstrated to

decompose ferul ic acid, a l ignin derivative, to methane [67] , Similarly,

cellulose is converted to methane and carbon dioxide by a consortium of

Acetovibrio cei lulolyt icus, Desuifovibrio sp. , and Methanosarcina barken"

[68].

The methanogens comprise a unique group of bacteria, both structurally
and biochemically [69], which are capable of oxidizing hydrogen for energy
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Organic Components of Waste Material:

Cellulose, proteins, other carbohydrates
lipids, simple aromatics, etc.r

liquifaction, hydrolysis, fermentation

Organic acids
ill cohol s

CH,

FIGURE 1. Transformations of Organic Waste Materials
Leading to Methane Generation.

and using carbon dioxide as a final electron acceptor [21]. That is, hy-

drogen is oxidized and carbon dioxide is reduced to methane. Carbon diox-

ide may be used as the sole source of cell carbon. Thus, these microbes

are considered to be true chemolithotrophic bacteria (they use inorganic

substrates for carbon and energy sources) [21]. This property has been dif-

ficult to prove with some methanogens because of their slow growth rate

[21]. Acetate is used as a methane precursor by several methanogens [66].

Once the carbon dioxide, hydrogen and acetate are formed within the

ecosystem by the associated bacteria, methane is generated by the following

reactions:
4H,
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Other one-carbon substrates have been shown to be reduced to methane

by some methanogens as follows:

4HCO~ + 4H+ » CH4 + 3C02 + 2H20

Formate

4CH30H »3CH4 + C02 + 2H20

Methanol

The hydrogen in methane, formed from carbon dioxide and hydrogen, may

arise from hydrogen or water. Daniels et al. [60] recently demonstrated

that wi th methane produced by Methanobacterium thertnoautotrophicum, methane

hydrogens are derived from water and not molecular hydrogen. Thus, in this

case hydrogen is the sole source of electrons and energy for the microbes.

Functioning of methanogens in ecosystems, such as the low level radio-

active waste disposal site, relies upon all the metabolic needs of the

bacterial population being satisfied. As previously discussed, the high

biological oxygen demand (BOD) of the organic matter and the trench place-

ment within the soil profile suggests that the pr^me prerequisite for

functioning of these bacteria is met. That is, the environment is highly

reduced. Besides hydrogen and carbon dioxide substrates, the microorgan-

isms require a nitrogen source, and in some cases, growth factors such as

vitamins and amino acids. The methanogens studied thus far are capable of

using ammonium as a nitrogen source [21,70.1. Under the reducing atmosphere

of the trench, this nutrient would not be anticipated to be limiting.

Ammonium sources include the proteinaceous components of animal carcasses.

Further studies are proposed to determine if adequate ammonium is found in

the waste for complete biodegradation of the carbon substrates. Vitamins

and other growth factors may or may not be required by the various species

of methanogens [21]. The specific methanogens functioning jji situ will

reflect the co-factor supplying capacity of the associated microbial commu-

nity. Thus, except for potential nitrogen limitation during long term

incubation of the trench waste, all nutrition requirements of the methano-

gens are apparently met.
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Once formed, the methane can be quite mobile. The gas can escape from

the trench through soil pores, cracks, or along channels produced by plant

roots or animal activity. Methane has even been shown to escape from the

ecosystem by transport directly through the plant. This was noted to occur

with water lilies [71]. Importance is attributed to this mobility, since

tritium can be incorporated into the methane molecule. Tritiated methane

fluxes have been recorded above waste disposal trenches [1-6]. As will be

discussed below, the quantity of tritium leaving the trench will be dimin-

ished by the oxidative activity of the methylotrophic bacteria within the

soil profile. Hence, the quantity of tritiated methane reaching the at-

mosphere will be equivalent to that produced within the trench, minus the

quantity oxidized by the bacteria within the soil profile.

3.1.3 Carbon Dioxide.

A discussion of gaseous evolution from trench sites would not be com-

plete without consideration of carbon dioxide. Importance of discussion of

carbon dioxide production relates to the fact that this gas serves as a

vehicle for carbon-14 transport from the ecosystem. Since total metabolism

of carbonaceous substrates to one-carbon units leads to carbon dioxide,

whether it is metabolized aerobicnlly or anaerobically, the only factor of

concern with carbon dioxide fluxes involves determination of the quantity

of 14C02 lost from the ecosystem and the duration of the measurable

production of 14C02 by the microflora. Considering the desirability of

biodegradation of the waste material, ^CO^ fluxes are inevitable.

As was indicated above, carbon dioxide is an end product of both an-

aerobic and aerobic carbon metabolism. Anaerobic pathways leading to car-

bon dioxide as an end product were presented above. Carbon dioxide is

produced 1) during methane synthesis from acetate, 2) from B-oxidation of

odd-chain-length fatty acids, 3) from the fermentation of carbonaceous sub-

strates, 4) from demethylation reactions, and 5) from decarboxylotion of

organic acids.
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The migration of ^4C02 from the trench ecosystem would occur by

the same pathways as were discussed for methane. Since carbon dioxide is a

terminal oxidation product of carbon, further heterotrophic catabolism

would not occur as i t passes through the soil pro f i le . Transformations of

importance would involve autotrophic incorporation into cel lular material

by autotrophic bacteria and plants. This process would delay the final

exit of the component from the ecosystem in that the carbon-14 would not be

released from the cell unt i l i t s demise and degradation to carbon dioxide,

water and ammonium.

3.2 Environmental Limitations to Gas Production.

The major environmental parameters to be discussed herein, which would

l im i t gaseous end product synthesis in low level radioactive waste disposal

sites, are redox potential (En), pH and temperature of the trench, and

the accessibil ity of the biodegradable substrate to the active microbial

community. Other parameters may prove to be important following further

examination of the ecosystem, but evaluation of the data collected to date

suggests that these four parameters are the major controls of the rate of

biodegradation of organic waste material in low level radioactive waste

disposal s i tes.

• 3.2.1 En.

As was indicated previously, methanogens must have an extremely re-

ducing environment in which to grow and synthesize methane. Upon trench

closure, such conditions would not be met. Thus, a portion of the time de-

lay before methane evolution is observed results from the succession of

microbial population necessary to establish the proper E n.

Initially, the primary microbial activity would be aerobic. The dura-

tion of this portion of the succession would depend upon the availability

of the readily degradable waste materials to the microbial community. The

nature of the biodegradable substrates buried suggests that this period

would be of short duration. During the aerobic phase of the incubation,
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the available carbonaceous substrates would be metabolized by common aer-
obic biochemical pathways (Embden-Meyerhoff-Parnas pathway, tricarboxylic
acid pathway, Entner-Douderoff pathway, etc.) to yield carbon dioxide,
water and ammonia. As free oxygen levels are depleted, fermentation of the
carbonaceous substrates would become more prevalent. The final products
would become short-chain fatty acids, alcohols, ammonia, carbon dioxide,
and hydrogen.

During the aerobic period of trench development, free oxygen serves as
the terminal electron acceptor for the microbes. The reaction involved i s :

2H+ + hP2 -> H20

As oxygen tensions become limiting for aerobic microorganisms, i.e.,

the Ej,, declines, alternate electron acceptors are used by the microbes.

One of the first compounds to be reduced is nitrate. These substrates are

reduced to nitrous oxide and dinitrogen by the denitrifying bacteria via

the following reaction sequence [31]:

NO3 -> NO^ ->• NO ->- N20 -*- N2

During this process organic carbon is oxidized to carbon dioxide. A por-

tion of the soil nitrate is also reduced to ammonia by anaerobic soil bac-

teria. Nitrate is used as a terminal electron acceptor in the absence of

free oxygen at E h values below 200 mV [58]. At 200 mV, the Eh is still

too oxidizing for reduction of carbon dioxide to methane. As the nitrate

is depleted, other electron acceptors are used by the more fastidious an-

aerobes that become active. At E^ values of approximately -200 mV and

less, sulfate is reduced to hydrogen sulfide. The sequence of reduction of

the more common electron acceptors in the trench is: oxygen will be used

before nitrate, which is reduced before sulfate, which precedes carbon

dioxide reduction. These reductive processes are generally mutually ex-

clusive within a single micro-environment. That is, methane will not be

detected until the sulfate present is reduced to hydrogen sulfide. But, as

the result of the size of the waste disposal trenches and the heterogeneity
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of the waste material itself, both sulfate reduction and carbon dioxide re-

duction could occur at different locations within the same trench. The

microbial succession would proceed at different rates at different loca-

tions within the same trench.

Electron acceptors may have an inhibitory effect pr. methane synthesis

beyond their relationship to E>,. Balderston and Payne [72] examined the

effect of general electron acceptors on methanogenesis in salt marsh sedi-

ments and with whole-cell suspension of methanogens. Nitrate, nitrite,

nitric oxide, nitrous oxide and sulfite inhibited hydrogen-dependent meth-

ane syntheses. Their data suggest that this inhibition was not the result

of variation in E^ or substrate competition by the non~methanogenic bac-

teria present in the sample. Some compounds are inhibitory in situ in the

environmental samples but not in pure culture. Martens and Berner [34] and

Cappenberg L32] demonstrated sulfate inhibition of methanogenesis in marine

and freshwater sediments, respectively. Cappenberg [33] suggests that the

inhibition resulted from hydrogen sulfide production.

Inhibition of methanogenesis by compounds which could have no possible

effect on E n has also been shown to occur. Wood et al. [73] demonstrated

inhibition of methanogenesis by methylene chloride, chloroform and carbon

tetrachloride.

The En of the site must be maintained at less than about -200 mV for

methane syntheses to be continuous. Saturation of the site with water

makes this easier, in that the water slows diffusion of free oxygen into

the site of microbial activity. Thus, in waste trenches, such as those at

Beatty, Nevada, where intermittent flooding of the trench is observed, En

levels are likely higher between flooding events than the minimum necessary

for carbon dioxide reduction. During these periods, hydrogen and carbon

could leave the site as volatile amines and fatty acids rather than as

methane and hydrogen. Further research is needed to clarify this point.
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3.2.2 £H.

The law of tolerance states that biological reactions have a maximum

and a minimum value for a limiting parameter beyond which the reaction does

not occur, and an optimum level of the limiting agent at which the reaction

proceeds at maximum velocity [74]. Such is the case for the effect of pH

on methanogenesis. Generally, the optimum pH range for methanogenesis is

6.7 to 7.4. The most restrictive pH range is below 6.0 and above 8.0 (es-

pecially if free ammonium is present in the ecosystem) [Paul Smith, per-

sonal communication].

Analyses of trench waters at several disposal sites by Brookhaven

National Laboratory and U.S. Geological Survey indicate that the disposal

trenches are generally within the 6.0 to 8.0 pH range. At Maxey Flats,

Kentucky, 34 of 45 trench water samples were between 6.0 and 8.0. Similar-

ly, 5 of 9, 11 of 12, and 1 of 2 trench water samples were between 6.0 and

8.C =t Barnwell, South Carolina, West Valley, New York, and Sheffield,

Illinois, respectively [7]. Because of the heterogeneity of the trench

environment, methane synthesis could still be occurring in those trenches

with pH values outside the optimum range. Islands of more ideal conditions

than the trench water samples suggest likely exist.

Generally, it may be concluded that because of the large heterogeneous

environment represented by the trench, and the capability of substrate move-

ment within the trench via water movement, pH must be limiting the rate of

methane generation in these sites, although it does not preclude its occur-

rence. Further studies are needed a) to relate trench water pH and the

rate of methane synthesis, and b) to determine if variation of waste compo-

sition and placement within the trench could be used to maintain the pH at

levels more conducive for methanogenesis.

3.2.3 Temperature.

Methanogenesis has a temperature optimum of 35-42°C with a range of

activity from 4 to 45°C [21]. Because of the placement of wastes within
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the soil profile, the temperature range in situ would be expected to be

reasonably constant and within the range for methane syntheses to occur.

However, the temperature is below the level necessary for optimum methane

production. Temperature measurements of trench waters substantiate these

conclusions. Temperature ranges of 10.7 to 22.5°C, 10.2 to 13.6°C, 8.5 to

10.0°C, and 13 to 19.5°C were measured in trench waters at Maxey Flats,

Kentucky; West Valley, New York; Sheffield, Illinois; and Barnwell, South

Carolina, respectively L7].

Because of the nature of the ecosystem, little can be done to bring

the temperature closer to the optimum level for methanogenesis. Future de-

cisions may involve selection of disposal site locations in warmer climates

and placement of waste within the trench to maximize use of biologically

produced heat.

3.2.4 Substrate Availability.

For a microorganism to degrade organic waste material to methane, car-

bon dioxide, wat'T and ammonium as terminal end products, not only must the

microbe have the requisite metabolic capacities, but it must be in a posi-

tion to apply these capabilities to the substrate. This latter process may

be limited or even precluded by the chemical structure of the substrate or

its water solubility. A substrate must be water soluble to be metabolized

by the microbial community. These limitations are of particular importance

in estimating the rate of methane generation, in that methane synthesis is

the final reaction in a long chain of biochemical conversions. Thus, rate

limitations early in the biodegradation pathway will have severe effects on

the rate of final product evolution.

The chemical structure of the substrate may limit enzymic action

through steric hindrance by hemical groups that retard or prevent the in-

teraction of the microbial enzymes and the substrate [75]. Since this is

an inherent property of the biochemicals comprising the waste material,

knowledge of the possibility merely provides an explanation of the rate of
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methanogenesis and a suggested hypothesis for leaching of partially de-

graded aromatic compounds from the trench. Generally, steric hindrance is

not a problem with the celulosic components of paper and cotton waste

materials, or in the biodegradation of animal remains.

Of greater importance from the view of site management is the fact

that biodegradation is limited by the physical structure of the waste sub-

stance and the chemical properties of the environment in which it is

placed. For example, encasement of biodegradable substances in concrete or

placement of waste materials in highly acidic or toxic environments will

prevent microbes from degrading them. Solutions of these barriers to bio-

degradation involve either neutralization of the chemical toxicity or dif-

fusion of the substrate from the limiting site. That is, the biodegradable

substance may leach from the concrete and then be degraded. These problems

require examination of the techniques of waste placement within the trench

and determination of the desirability of biodegradation of specific waste

substances. Retarded biodegradation would mean that methane evolution, and

hence tritium losses from the trench, would occur over a longer time frame.

Of more interest in explaining the slow conversion of biodegradable

materials, such as paper goods and natural fiber cloths to methane and

carbon dioxide, is the limited surface area of the waste material. For a

microorganism to decompose an organic compound, it must be rendered water

soluble. This is accomplished in part by weathering, and completed through

enzymic cleavage of the carbonaceous compounds. Weathering of the waste

material allows the breaking of the paper into smaller pieces. This in-

creases the surface area, and hence the number of sites available for

microbial attack. As the surface area increases, so does the probability

of the microbial extracellular enzymes reaching the sites of their activ-

ity. Practical implications of this process are limited due to the im-

probability in increased shredding of the waste material to increase the

surface area prior to burial. The slow increase in surface area under

natural conditions explains in part the delay in methane generation follow-

ing trench closing.
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3.3 Transformations of Gaseous Products Leaving the Trench.

Although methane is a terminal metabolic product within the trench
ecosystem, and hydrogen may be totally consumed by biochemical processes oc-
curring in the trench, both gases may diffuse to the soil layers over the
trench and eventually to the atmosphere. The quantity of these gases en-
tering the atmosphere above the trench is not proportional to the quantity
synthesized within the trench because of the ubiquitous occurrence of
methane and hydrogen oxidizing bacteria within the aerobic soil ecosystem.

Methane is oxidized by methylotrophic microorganisms. These are a
group of microorganisms capable of growing on compounds that contain no
carbon bonds and of assimilating carbon as formaldehyde or as a mixture of
formaldehyde and carbon dioxide [76J. Aerobic methyltrophs are predomi-
nantly aerobic Gram-negative bacteria. The bacteria are divided into two
groups based on morphology and the nature of their carbon assimilation
pathways. Fungi and yeasts have also been isolated with this methane oxi-
dizing capacity [77].

The hydrogen oxidizing bacteria comprise 28 species belonging to 15
genera. These organisms are numbered amongst the common soil bacterial
genera of Alcaiigenes, Pseudomonas, Flavobacterium, Xanthobacter and
Nocardia. These are chemolithotrophic bacteria in that they oxidize hydro-
gen for energy and reduce carbon dioxide to cellular substituents. Gener-
ally, they are facultative lithotrophs in that they can use alternate en-
ergy and carbon sources [76],

The importance of the methylotrophic bacteria in reduction of methane
fluxes from anaerobic ecosystems was demonstrated by Higgens et al.|_76]
when they stated, "About half of the substantial, but not precisely known,
proportion of total carbon degraded by anaerobic microflora is converted to
methane. The amount of hydrocarbon released into the atmosphere, however,
represents only about 0.5% Oi" the total carbon turnover." The concern for
the estimation of the quantities of methane and hydrogen oxidized by the
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soil microflora above the waste disposal trench stems from the role of this

process in reducing the amount of tritium and carbon~14 released to the

atmosphere. Further study is suggested to determine the extent of methane

and hydrogen transformations by the aerobic soil microflora above the

trench waste material.

3.4 Field Studies of Gaseous Releases.

Gas studies were performed at three of the six commercial low level

radioactive waste disposal sites during the period 1976-1978. The first

was an exploratory study performed at West Valley, New York, in June 1976

by personnel from USGS, NYGS, and N.Y. State Health Department, to confirm

the possibility that tritium and carbon-14 wastes buried at the site might

escape as gaseous species [1-3]. Samples of gas were obtained during the

process of driving well points into trenches for collection of trench

water. The samples were taken as soon as methane was detected in gas es-

caping from the well. An air sample was also taken over a fracture in a

trench cap. Additional gases were collected at West Valley during sampling

periods in 1977 and 1978. In August 1978, a limited study was conducted at

the Beatty, Nevada, disposal site L4,5], and in December 1978, a similar

study was made at Maxey Flats, Kentucky [6].

The terms "trench gas" and "soil gas" used in this report refer, re-

spectively, to those gases that are present within the trench cell, and

those that emanate from the trench caps into the atmosphere.

3.4.1 Gas Collection Procedures.

West Valley, New York - 1976-1978 [3J.

Trench gas samples were collectd from well points at depths between 3m

and 5m below the surface of the ground during well driving operations. A

total of 37 trench gas samples were collected through various pipes in the

trench caps. The trench gas was taken from the outlet line of the compres-

sor used to draw trench gas through the well point. The outlet line was
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connected to an evacuated sampling cylinder and then filled to approxi-

mately 100 psi. Details of these procedures may be found in Reference

L78].

Field air samples were also collected from above various trenches for

comparison with trench gases. Air samples were pumped into cylinders from

one inch above the surfaces of Trenches 5, 9, 11 and 14, and from five feet

above Trenches 5 and 14.

Flux boxes installed over fractured and unfractured sections of

trenches were intended to measure the escape of radioactive gases through

the trench cap, and to measure trench cap permeability in order to assess

the potential for release of gases into the atmosphere. This technique

proved to be unsuccessful, since extensive surface fractures in the caps

allowed large quantities of air to flow into the box despite efforts to

seal against air infiltration. However, flux box techniques were subse-

quently successfully employed in measuring venting rates and estimating the

production rates of methane gas in the Fresh Kills Landfill, where produc-

tion rates are orders of magnitude higher [64].

Beatty, Nevada - 1978 [4],

Compressed and uncompressed gas samples were collected from observa-

tion wells, sump wells, accumulation canisters, and from settlement cracks

in the trench caps at the Beatty, Nevada, site by personnel from Dames &

Moore.

Sump Wells are points that penetrate into the trench solid waste cell.

Observation Wells are wells that are located between trenches.

Accumulation Canisters are standard open head 55-gallon steel drums,

fitted with two ports, and inverted over the surface of the ground. The

rim of the drum is sealed to the soil with Thompson's Waterseal, a water-

emulsified polymer sealant. One port is used for sampling; the other port
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allows for consistent flushing of the accumulated air out of the sampling

port.

Compressed samples were obtained by pumping gas through Neoprene hose
that was lowered into the well points or connected to accumulation can-
is ters . The gas samples were delivered into evacuated 20-pound propane
cylinders. Uncompressed samples were collected into 15-liter, 5-layer
bags, which exhibit minimal gaseous diffusion through the walls. A total
of 12 compressed and 11 uncompressed gas samples were obtained. Details of
these procedures may be found in Reference [4].

During the same period in August 1978, personnel from USEPA also ob-
tained samples from several trench wells and monitoring wells. These gas
samples were analyzed by EPA laboratories in Las Vegas and Montgomery, and
the results communicated to the Nuclear Engineering Company, Inc. (NECO).
These EPA results are included in the Dames & Moore report prepared for
MECO, which compares trench and soil gas data at the Beatty, Nevada, dis-
posal site [5].

Maxey Flats, Kentucky - 1978 [6].

Samples of soil gas and trench gas were collected by personnel from
Dames & Moore at the Maxey Flats s i te during December 1978, using the same
techniques employed at Beatty. Accumulation canisters were used to collect
soil gas for flux measurements of gases emanating from the trenches, and
trench gas samples were obtained from the bottom of sumps by compressing
the gases into 20-pound propane cylinders, as described earlier.

3.4.2 Analyses.

3.4.2.1 West Valley, New York.

Trench Gas Samples: The collected gases were separated and purified
using gas chromatographic techniques; the activity levels were measured by
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internal gas proportional counters. By using these techniques, the con-

centrations of various radionuclides in specific chemical species were ob-

tained [3,78.1. The results of these analyses are summarized in Tables 4

through 6. Table 4 shows the concentrations of tritium and carbon-14

labeled compounds corresponding to trench gas samples obtained from loca-

tions indicated in Figure 2 of Reference [7]. Table 5 shows the percent

abundance of the various gas species in each trench gas sample. The radio-

nuclide species include: 3HH, 14CH4,
 3HCH3,

 14C(HC)*, 3H(HC)*, 1 4C0 2,
 14C

(total), and 3HHO. Concentrations of the radionuclides are given in

PCi/cm3; the numbers in parentheses are the percentage errors reported

for the measurements. Table 6 contains the analyses of the field air sam-

ples collected one inch and five feet above the soil cover.

The following observations derived from the trench gas analyses are

presented [3]:

• 3HCH3 is the major radionuclide specie in all trenches studied.

• Intratrench variations in radionuclide activity between sampling

locations is slight (disregarding those samples showing obvious air

contamination).

• Variations in concentration of specific species over periods of one

to two years may be due to random breaching of containers by corro-

sion, and by changing conditions within the trench that will alter

bacterial decomposition.

• The concentration of stable CH4 in the trench increases with the

age of the trench, whereas concentrations of C02 are similar for

all trenches. The equilibrium concentration of 6% for CO2 ap-

pears to be established a few years after trench closure.

HC - as hydrocarbons above methane (C2H6, C3Hg, and C4H10)
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TABLE 4

Radionudide Concentrations in Trench Gas Samples

from West Val ley, New York [3]

(liCi/cm3 + % error in parentheses)

Well t

2-1A

3-1A
3-IB

3-1A

4-IB

#4C

4-1B

5-1A
5-3A

5-4A

5-3C

5-3D

5-2C

5-3D

8-1A
8-1A

8-1A

9-1A
9-1B

9-1A

9-1B
9-1B

10-1A

10-IB

10-1A

10-1A
11-1A

U-2A

11-2A

11-2A

12-1A

12-1A

12-1A

13-lA

14-1A
14-2A

14-2A

Date

6/08/76

6/08/76
9/77

9/77b

9/77b

4/25/78

4/25/78

6/03/76

6/07/76

9/77

9/77

9/77
9/77

4/25/78
6/14/77

9/77

4/26/77

6/14/77
6/16/77

9/77

9/77

4/26/78
6/14/77

9/77b

9/77

4/25/78
6/15/77

6/16/77
9/77

4/26/78

6/15/77

9/77

4/25/78

6/15/77

6/16/77

6/16/77
9/78

3IIH

1.3E-6 (9)

8.2E-6 (6)
2.4E-7I43)

<6 E-8

2.1E-6 (8)

2.8E-7U6)

3.6E-7I25)

5.3E-7I15)
—

1.1E-6I12)
1.9E-7I20)

2.1E-6 (8)
5.1E-7 (9)

1.6E-6111)

3.4E-6 (8)

1.8E-6 (8)
2.5E-6 (7)

8.3E-7I10)
2.3E-6I17)

3.4E-6 (7)

2.6E-6 (8)

5.8E-7I26)

6.1E-6 (6)
1.8E-7(46)

4.6E-6 (5)

1.7E-5 (6)
—

1.3E-5 (6)

7.3E-5 (5)

3.1E-5 (5)

6.6E-7 (5)

1.2E-5 (5)
2.6E-6(28)

1.1E-6I23)

2.2E-6 (7)

9.1E-6U1)

3.4E-7(18)

14 r H

5.5E-6I17)

2.OE-5(10)
1.0E-5 (6)

5.4E-7(14)

4.2E-6 (7)

1.4E-7121)

5.2E-6 (5)

6.4E-6(14)

9.6E-5I13)

1.8E-5 (6)
2.3E-5 (5)

1.7E-5 (5)

3.5E-5 (5)

1.2E-5 (5)

1.2E-5 (6)

1.4E-5 (5)
1.0E-5 (5)

1.9E-6 (6)
1.7E-7 (7)

1.5E-6I13)
1.7E-6 (9)

1.9E-6 (6)

9.8E-7I18)

1.7E-7(35)
5.5E-7 (5)

8.4E-7U5)
<4 E-7

<2 E-6

4.5E-6 (6)

3.1E-6 (5)

4.1E-7128)

5.2E-7(17)

4.8E-7(15)

1.1E-6 (6)

9 E-8(50)

1.3E-7167)

<2 E-7

1.

3HCH 3

3E-4U7)

2.5E-4I12)

4.

1.

4.

3.

1.
4.

1.

5.

6.

5.

7.
4.

7.

7.

5.
4,

2

2

3

4

7
8

1

1
2

9

9
8

2

2

2

8

6

a
I

OE-4

7E-5

6E-5

7E-6

OE-4

(5)

(5)

(6)

(8)

(5)

8E-4U0)

6E-3(10)

OE-4

9E-4

,OE-4

.9E-4

.4E-4

.7E-4

.3E-4

.7E-4

.OE-4

.9E-4

.6E-4

.8E-4

.1E-4
-6E-4

.2E-5

.6E-3

.9E-3

.6E-4

.1E-4

.6E-4

.9E-4

-3E-4

.5E-4

-5E-4

-OE-5

.4E-5

I.6E-5

.5E-5

(5)

(6)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)
(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

UC(HC) a

1.1E-6I33)

4 E-7150)
<1 E-7

<1 E-7

1.3E-7I77)

3.5E-8 (7)

3.2E-8I63)

<2 E-7
—

6.2E-7119)
2.4E-7I49)

2.1E-6 (8)

2.7E-7I32)

2.9E-7I12)

2.2E-7I33)

1.8E-7124)
1.9E-7(17)

8 E-8(53)
<3 E-7

1.1E-7I56)

<9 E-8

1.2E-7U8)

8.7E-7I22)

<1 E-7
5.6E-7(14)

5.1E-7I14)

<3 E-7

<8 E-7
3.3E-6 (6)

8.7E-7 (5)

<3 E-7

6.2E-7I14)

3.3E-7(33)

<6 E-8

<9 E-7

9 E-8160)
<2 E-7

3

2.

2.

3.

4.

2.

4.

2.
4.

4.

3.

2.

4.
7.

2,

8,

4,

1
2

7

6
7

5

1

3

2

1

5

3

2

1

2

1

5

3

6

7

H(HC)'a

5E-6I32)
9E-5110)

3E-5

OE-6

6E-5

9E-6

6E-5

(5)

(9)

(5)

(5)

(5)

7E-5I11)

—

7E-5
.OE-5

.3E-5

.7E-5

.2E-5

.9E-4

.8E-5

.6E-5

.8E-4

.1E-4

.1E-5

.1E-5

.6E-5

.5E-4

.OE-5
-5E-4

.6E-4

.6E-4

.1E-4

-0E-4

.9E-4

.6E-4

.OE-4
-2E-4

.OE-5
-7E-5

.4E-5

.4E-6

(5)

(5)

(7)

(5)

(5)

(5)

(5)

(5)

(5)
(5)

(5)

(5)

(5)

(5)

(6)
(5)

(5)

(5)

(6)
(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(8)

»co2

2.2E-6I45)

9 E-7144)

1.0E-6(17)

<2 E-7

2.3E-6 (6)

1.1E-6U9)
1.6E-6I14)

7.4E-6I20)

4.8E-6

1.1E-5

4.5E-6

1.3E-5

7.6E-6

4.1E-6
l'.5E-5

1.1E-5

1.4E-5

1.5E-5
2.4E-5

4.6E-6

7.4E-6

2.1E-5
1.9E-5

<2 E-7
1.1E-5

1.3E-5

1.9E-5

1.7E-5
8.7E-6

7.3E-6

3.6E-6

5.3E-6

(6)

(6)

(6)
(5)

(3)

(8)

(5)

(5)

(7)

(5)
(5)

(5)

(5)

(5)

(5)

(5)

(6)

(6)

(5)

(5)

(9)
(6)

(5)

2.9E-2I24)

1.2E-6I11)

7.7E-6

1.4E-5
(6)

(5)
2.OE-6(13)

14

6.

1.

C(Total)

7E-6(22)

5E-5

8.6E-6

7.

2.

2.

2.

2.
3.

2.

2.

3.

1.

1,

1,

8

9

3
1

3
1

1

1

1

1

2

3

5

2

1

7

1

2

(6)
(5)

4E-7(12)

—

—

—

6E-5I27)

-
7E-5

4E-5

,0E-5
.3E-5

,4E-5

.1E-5

.4E-5

.9E-5

.7E-5

.8E-5

.OE-6

.7E-6

.1E-5

.3E-5

(5)

(5)

(5)
(5)

(5)

(6)

(5)
(6)

(5)
(5)

(7)

(5)

(7)

(6)

.7E-7(27)

.5E-5

.7E-5

-9E-5

.3E-5

.3E-5

.2E-5

-4E-6

.2E-6

.9E-6

.8E-6

.7E-6

.5E-5

.3E-6

(5)

(5)

(5)

(5)

(5)

(6)

(6)

(5)

(7)

(7)

(5)

(5)

(7)

8.

2.
6.

8.

2.

9.

1.

7.

9.

1.

3.

5.
4.

4.

3.
1,

2.

9,

5.

2

2

2

3

1

1

9

1

2
7

2

4

3

3HH0

1E-7

OE-6

9E-7

—

6E-7

(7)

(3)

(8)

(5)

8E-7U4)

9E-7

7E-7
(6)
(6)

1E-8I10)

9E-6

—
1E-6

-
,6E-7(

3E-6

.4E-6

.8E-8

.8E-6

.3E-5

.3E-6

.5E-7

.2E-7

.6E-6

—

.OE-6

.4E-6

.7E-6

.7E-5

.1E-6

-l-E-6
-8E-6

.8E-6

.7E-7

.OE-5

.1E-6

.1E-6

(3)

(5)

11)
(4)

(3)

(3)

(4)

(3)

(4)

(6)

(9)
(4)

(3)
(4)

(4)

(3)

(5)

(3)

(5)

(4)

(7)

(3)

(4)

(4)

a As hydrocarbons above methane (C2H6, C3H8, and C4H10)

b Apparent a i r leakage into sample
c Sump in trench - poor communication between sump and trench gas
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Well #

2-1A

3-1A

3-1B

3-1A

4-IB

#4"
4-1B

5-1A

5-3A

5-4A

5-3C

5-3D

5-2C

5-3D

8-1A

8-1A

8-1A

9-1A

9-1B

9-1A

9-1B

9-IB

10-1A

10-IB

10-1A

10-1A

11-1A

11-ZA

11-2A

11-2A

12-1A

12-lA

12-lA

13-1A

14-1A

14-2A

14-2A

Date

6/08/76

6/08/76

9/77

9/77»
9/77a

4/25/78

4/25/78

6/03/76

6/07/76

9/77

9/77

9/77

9/77

4/25/78

6/14/77

9/77

4/26/77

6/14/77

6/16/77

9/77

9/77

4/26/78
6/14/77

9/773

9/77

4/25/78

6/15/77

6/16/77

9/77

4/26/7S

6/15/77

9/77

4/25/78

6/15/77

6/16/77

6/16/77

9/78

Compc

f-om

N2

62.0

67.0

76.8

79.0

80.1

89.9

86.8

63.6

25.8

78.9

81.5

81.0

83.2

81.8
79.1C

75.2

80.5

87.2

82.5

82.5

81.8

85.1

89.0

79.9

83.5

87.6

86.9

93.5

92.5

90.8

89.7

86.5

87.8

90.8

88.4

89.5

78.9

TABLE !
:1ot. of Trench Gas Samples

West Valley, New York

(% Composition)

°2

0.2

0.7

5.4

16.4

13.8

2.6

2.7

3.5

0.1

1.6

3.1

3.4

2.7

0.1

16.2

1.4

1.8

2.6

1.3

11.7

6.4

0.3

2.7

19.4

5.4

1.9

8.8

2.2

2.4

4.3

3.5

2.1

3.1

2.5

4.8

3.1

19.4

Ar

0.7

0.8

1.0

1.0

1.1

1.1

1.0

0.7

0.4

1.0

0.8

0.9

0.3

1.1

0.9

1.0

0.9

0.9

1.1

0.9

1.1

1.0

1.0

0.8

1.2

1.0

0.9

1.0

1.2

1.0

0.9

1.2

1.1

0.9

0.9

0.9

0.8

[3]

co2

10.4

2.8

1.8

1.5

1.7

6.3

2.5

10.3
4.5

8.2

2.9

3.6

3.2

3.3

2.0

12.2
9.1

7.4

12.6
3.8

8.7

10.8
6.1

0.4

8.6

8.3

3.2

2.8

3.1

3.1

5.4

9.4

7.3

5.5

5.6

6.1

0.8

CH4

26.7
28.7
15.1
2.1

3.3

0.2

6.7

21.8
68.3
10.1
11.7
11.2
10.1
13.8

1.8

10.3
7.6

1.8

2.5

1.2

1.9

2.6

1.1

0.1

1.3

1.2

0.3

0.6

1.1

6.7

0.6

0.9

0.7

0.3

0.3

0.3

0.1

H2

<0.03
0.3

-

—

—

—

—
<0.4

0.8

—

—

—

—

—

—

—

—

0.05
—

—

—

—

0.2

0.2
—

—

—

—

—

—

—

—

—

—

—

—

—

a Apparent a i r leakage into sample

b Sump in trench - poor communication between sump and trench gas
c Possible a i r leakage into mass spectrometer sample



TABLE 6
Radionuclide Concentrations in Field Air and Soil Gas Samples

Above Trench Soil Covers at West Valley, flew York [3]
(yCi/cm ± error in parentheses)

Over-
Trench Date 14CH, 14C(HC)£ 14CO,

14 (1 in.) 6/15/77
11 (1 in.) 6/15/77
9 (1 in.) 9/21/77
5 (1 in.) 9/21/77
9 (1 in.) 4/26/78

5 (5 ft.) 4/26/78
14 (5 ft.) 4/26/78

<6 E-8

<8

<1.

<3

<5

< L

<!.

<9

E-8

.1 E-7

E-8

E-8

,4 E-8

3 E-12

E-13

<2 E-7

<1.4 E-7

<1.0 E-7

<1.7 E-7

7 E-8(83)

8 E-13{51)
4 E-12(34)

<1.6 E-7
<1.3 E-7

<1.3 E-7

<4 E-ll 2.5 E-12(17) '
<1.3 E-ll < 4E-13

P
ro
i

3 (Over- 6/04/76 <1.3 E-9 7 E-7(ll) 1.1 E-7(10),
fracture) ^ v

b

6.7 E-9(12)

5 (F) FluxC 9/21/77 4.1 E-9(40) 3.3 E-7(5) 9.0 E-6(5) 1.1 E-8(Z1) 1.1 E-6{5) 4.1 E-7(7) <1.6 E-9
Box

5(UF) Fluxd 9/21/77 <3 E-10 9.1 E-8(5) 2.3 E-6(5) <2 E-9 4.8 E-7(5) 9.3 E-7(5) 1.2 E-8
Box

aAs hydrocarbons above methane ^ H g , C3Hg, and
Total methane in gas sample < 0.02%

""Fractured
dUnfractured
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• In any particular trench the specific act ivi ty of 14C is similar

for the 14CH. and CO? fractions in the trench gas and the total
14C in the trench water. This is expected, since CH4 and C02

are produced by decomposition of carbonaceous material in the

trench water.

• In the older trenches (1 through 5), the specific activity of t r i -

tium for trench water and methane are in good agreement. In the

newer trenches (8 through 14), the specific act iv i ty of tr i t ium in

trench water is somewhat less than in the older trenches, whereas

the specific act iv i ty of t r i t ium in the methane fraction is one to

two orders of magnitude higher in the newer trenches.

Flux Box Samples: Although the f lux box technique proved unsuccessful

in measuring trench cap permeability and release rates of radioactive

gases, some conclusions could be made from analyses of methane and C02

collected in the f lux boxes.

- The depletion of ̂ CH4, ^HCH3 and stable methane relative to
14C02 indicates that methane is lost in passing through the

trench cap.

- Substantial aerobic decomposition in the trench caps is indicated

by the decrease in specific activity of 14C as 1 4C0 2 in the
flux box.

- The relat ively high percentage of stable C02 relat ive to stable

CH4 in the f lux boxes also indicates CO2 production in the

trench caps. Approximately 5% CO2 with no measurable radioactiv-

i ty was observed in the flux box over Trench 9.

Well-Point Experiments (GASFLOW Model): Bulk permeability of trench

caps and estimates of rates of gas production and gas release were obtained

by Lu and Matuszek at West Valley by measuring the pressure differential
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between trench gas and the atmosphere and applying an empirical model,

GASFLOW, to the field data. The model considers the system to consisx of

two reservoirs, the atmosphere and the void volume in the trench, separated

by a permeable trench cover. Gas produced in the trench from microbial

degradation of the wastes produces gas pressures greater than atmospheric

pressure. As atmospheric pressure changes, the pressure differential be-

tween trench gas and the atmosphere causes air to flow into, or gas to flow

out of, the trench.

Experimental Procedure - The experimental procedure involves measuring

changes in the pressure differential caused by changing atmospheric

pressure and pumping gas in or out of the trench. Two well points

penetrating the cover and open to the trench gas are required, so that

one can be used to monitor trench gas pressure with pressure differ-

ential transducers, while the second is used to change the pressure

differential. All other openings in the trench cover must be sealed.

The pressure differential can be altered by pumping water out of the

trench, pumping gas out of the trench, or pumping air into the trench.

Trench gas samples are also collected for mass spectrometric and

radiochemical analyses to obtain the molecular and radionuciide con-

centrations used to estimate release rates. Where only one well point

was available tc measure trench gas pressures, an adaptation of the

GASFLOW model was developed by Kunz and Lu to estimate gas production

rates, by monitoring the pressure differential as it modulates in con-

cert with changes in atmospheric pressure. This is referred to as the

Static Model [64].

Mathematical Model - The GASFLOW models are discussed in detail in

References 79, 3 and 64. The Darcy-flow equation is used to measure

the cap permeability coefficients from measurements of pressure dif-

ferentials between the atmosphere and trench gas under various con-

ditions. "The removal of a known volume of water (or gas) provides a

way to measure indirectly the sum of the air flowing into the trench

and gas production in the trench." [79].
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When the pump is on, removing gas (or water), and the atmospheric

pressure is constant, the observed trench gas pressure decreases. As

the atmospheric pressure becomes greater than trench gas pressure,

atmospheric air is drawn into the trench through the trench cap. An

equilibrium point will be reached wnen the trench gas pressure drops

to the level, where water (or gas) is being removed at the same rate

that air is being drawn into the trench, and gas is being produced an-

aerobically in the trench. When the pump is turned off at constant

atmospheric pressure, the rate at which gas leaves the trench is equal

to the rate of gas production. If this eqti.ilibrium can be estab-

lished, the cap permeability and the volumetric gas production rate

can be obtained from the Darcy equations,

Equilibrium may not be reached during the period of observation due to

variations in barometric pressure and experimental difficulties in

controlling the pumping rate. The GASFLOW model was developed to

compute trench gas behavior and to determine flow rates under non-

equilibrium conditions, by fitting calculated pressure differentials

to those observed in the field.

Results - Cap permeability coefficients, volumetric gas production

rates, and void volumes were calculated for Trenches 3, 5, 8, 9, 10,

11 and 12 from the period between October 1977 to July 1978. The

trench gas r assures calculated with GASFLOW closely reproduced the

observed va. . The model proved to be consistent regardless of

whether air was pumped in or gas was pumped out.

Estimation of the volume of gas released to the environment depends

upon the values obtained for cap permeability, which can vary season-

ally with climatic changes. Estimates of gas released to the en-

vironment for seven trenches at West Valley ranged from 1.9 x 109 to

4.4 x 109 cnrVyr. These volumes correspond to approximately 1 to

8 curies per year of 3HCH3 released to the atmosphere from a typi-

cal trench at West Valley. The rate of production and rate of release
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of stable methane is 1 to 2 orders of magnitude higher in the older

trenches. Since the specific activity of tritium in the methane frac-

tion is 1 to 2 orders of magnitude higher in the newer trenches, the

rate of release of tritium as 3HCH3 is similar for all trenches.

More detailed data analyses are discussed by Matuszek in Ref. [79J.

Conclusions - The GASFLOW model appears to provide reasonable esti-

mates of tritium and carbon-14 release rates from disposal trenches

that have a relatively high degree of permeability. Since the trench

covers for all shallow land burial sites in the United States are

prepared from excavated material, it is assumed that this model will

be applicable to them.

3.4.2.2 Beatty, Nevada.

Gas determinations included: gas composition, tritium and carbon-14

concentrations, and tritiated water vapor (^HHO). Gas composition de-

terminations were made by gas chromatographic techniques. The results of

these analyses are summarized in Table 7, which shows the gas compositions

of trench and soil gas samples obtained from observation wells, sump wells,

and canisters. Tritium and carbon-14 concentrations are reported as

yCi/cnr*.

In the six canister samples, there did not appear to be any signifi-

cant amounts of CO2 and CH4. In the observation and sump well samples,

CO2 was present in concentrations ranging from 530 to 8100 ppm. Slightly

elevated methane concentrations were present in the trench gas samples;

none was detected in the soil gas samples. Comparison of these gas data

with those of West Valley indicates that organic decomposition at the humid

West Valley site is much more significant than at the arid Beatty site.

Elevated concentrations of carbon-14 were present in the trench gas

samples (observation and sump wells). However, reduced carbon-14 concen-

trations were observed in the soil gas samples. Similar concentrations of



TABLE 7

Radionuclide Concentrations and Gas Compositions

of Trench and Soil Gases at Beatty, Nevada

Location

Background

Trench Gas

Observation V.'r.il

Observation Well

Observation Well

Observation Well

Sump Well Tr-14

Sump Well Tr-16

Soil Gas

Canister Tr-2

Canister Tr-3

Canister Tr-4

Canister Tr-5

Canister Tr-14

Canister Tr-16

R-l

R-2
R-3
R-6

N2

{% Vol.)

78

78

78

74

78

76

64

73

77

76
3

79

78

o2
{% Vol.)

22

20

17

15

22
21

17

21

22

21

21

21

22

co2
(ppm)

300

1860

8100

1270

600

530

2200

300

300

300

300

300

300

CH4

(ppm)

10

7.7

19

41
7
16

9.8

5.1

7.1

6.5

6.5

6.5

7.3

Trace H20
(mg/L)

1.95

2.81

2.74

2.55

—

2.88

3.59

1.77

2.11

2.08

2.02

2.02

2.58

Gaseous
Tritium
(pCi/cm3)

<1.4 E-10

2.68 E-7

5.68 E-9

4.73 E-8

2.11 E-7

9.86 E-8

9.82 E-9

<1.4 E-10

1.99 E-7

1.17 E-7

7.75 E-8

1.53 E-7

1.98 E-7

3HH0
(yCi/cm3)

5.52 E-8

8.22 E-8

3.08 E-8

2.93 E-8

—

5.52 E-6

9.35 E-8

5.18 E-8

1.90 E-8

7.55 E-8

1.27 E-8

3.72 E-8

1.62 E-8

Gaseous
C-14

(yCi/cm3)

<9.01 E-ll

5.90 E-8

3.60 E-8

3.04 E-8 1

1.46 E-9 T1

2.59 E-8

8.56 E-9

<9.0 E-ll

2.21 E-10

1.35 E-10

5.27 E-9

5.41 E-10

8.11 E-10



-48-

carbon-14 are present in the observation wells and the trench sumps, which

indicates that lateral diffusion of carbon~14 may be taking place beneath

the facility L35]. A similar situation is observed for gaseous tritium and

tritiated water vapor.

Comparison of the small amounts of data obtained by the EPA sampling

of gases at Beatty with the Dames & Moore data shows no pattern of consis-

tency; some of the Dames & Moore analyses are higher than the others, and

sometimes the analyses from the two EPA laboratories did not agree [5].

3.4.2.3 Maxey Flats, Kentucky.

Gas composition and radionuclide concentration analyses of trench and

soil gas samples were made by the same analytical procedures used for the

Beatty gas samples. Gas composition determinations were made by gas chrom-

atographic techniques; gaseous tritium and carbon-14 were radiochemically

separated and analyzed by liquid scintillation counting. The results of

these analyses are summarized in Table 8, which shows the gas compositions

of trench and soil gas samples obtained from wells and canisters. Tritium

and carbon-14 concentrations are reported as yCi/cm .

The methane concentration in the trench gas sample from Trench 18 sump

was above the lower explosive limit (LEL) as determined with a Gas Scope, a

methane monitoring instrument made by Mine Safety Appliance. All other

trench gas samples taken from the sumps were below the LEL of 2% methane.

The trench gas from Trench 18 was therefore indirectly sampled by accumula-

tion in a canister placed over the sump, resulting in some dilution with

ambient air. Trench 18 had the highest amounts of C02, CH4, tritium,

and carbon-14 of the trenches sampled at Maxey Flats. Except for Trench

18, concentrations of carbon-14 measured in the trench sumps were similar

to those measured in the soil gas.



TABLE 8

Radionuciide Concentrations and Gas Compositions

of Trench and Soil Gases at Maxey Flats, Kentucky L6J

Location

Background

North Fence

South Fence

Trench Gas

Tr-7 Sump

Tr-llS Sump

Tr-18 Sump

Tr-26 Sump

Tr-35 Sump

Soil Gas

Tr-llS

Tr-18

Tr-20

Tr-26

Tr-35

a N.D. - Not detected

N2

(% Vol.)

77
77

77
77
78

77

77

77
77
78

77
77

°2
(% Vol

22

22

22

22

20

22

22

22

21

22

11

11

C02

•) (ppm)

98

168

148
470

12000

29

186

255
2580

881

819

1410

CH4

(ppm)

2

2

2

114
6720

2

8

1
12

1.4
2

4

Trace H20
(mg/Ll

0.95

2.11

1.48

2.60

2.56

2.22

1.38

1.04

1.33

1.47

2.12

2.83

Gaseous
Tritium
(yCi/cm3)

4.18 E-8

1.28 E-8

1.29 E-8

1.58 E-8

1.12 E-7

1.58 E-7

1.61 E-8

2.84 E-9

9.01 E-10

1.13 E-8

5.81 E-9

9.50 E-9

3HH0
(yCi/cm3)

2.48 E-9

8.33 E-9

6.31 E-9

1.48 E-8

2.25 E-8

7.77 E-9

2.25 E-9

8.67 E-10

6.42 E-10

2.59 E-9

4.95 E-10

1.80 E-9

Gaseous
C-14

(yCi/cm3}

N.D.a

N.D.

N.D. £
4.95 E-ll

7.88 E-8

2.57 E-10

N.D.

N.D.

4.50 E-ll

N.D.

N.D.

N.D.
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3.4.3 Discussion.

Tritium and carbon-14 gaseous compounds have been measured in trench

and soil gas samples at the three low level disposal sites investigated.

The concentrations in methane and carbon dioxide are orders of magnitude

higher at West Valley, while the levels at Maxey Flats are comparable to

Beatty. I t would be expected that microbial act iv i ty at the humid West

Valley site would produce more methane and carbon dioxide than at the arid

Beatty s i te , but the observation that the levels of carbon-14 in soil gas

are approximately the same at Beatty and Maxey Flats (humid site) is note-

worthy. The observation that gaseous tr i t ium and t r i t i a ted water vapor in

soil gas samples at Beatty are higher than at Maxey Flats may be caused by

(1) the higher evapotranspiration at Beatty, (2) the higher permeability of

the trench covers at Beatty, or (?) the differences in atmospheric pressure

at the time the samples were obtained.

The concentrations of t r i t ium and carbon-14 measured in soil gas com-

pared to maximum permissible concentrations (MPC) for release to unre-

stricted areas l is ted in Table I I of 10 CFR Part 20 are a factor of 200

below MPC for t r i t ium and a factor of 190 below MPC for carbon-14 L80J.

These calculations were based on the maximum t r i t ium and carbon-14 concen-

tration observed at the Beatty fac i l i t y , v iz . , 2xl0~7 yCi/cm3 gaseous

tr i t ium and 5.27xlO~9 uCi/cm3 carbon-14. MPC values of 4xlO"5 vCi/cm3

and lxlO"6 yCi/cm3 for submersion doses were used for tr i t ium and

carbon-14, respectively. The same comparisons for the highest t r i t ium and

carbon-14 soil gas emanations measured at Maxey Flats ( l . lx lO" 8 yCi/cm3

LtritiumJ and 9xl0"7 yCi/cm3 [carbon-14]) indicate less than MPC re-

leases for each radionuclide. The highest emanations measured at West Val-

ley, in the f lux boxes above Trench 5, were a factor of 4.4 below MPC for

tr i t ium and a factor of 1.1 below MPC for carbon-14. The actual concentra-

tions in unrestricted areas would be much less due to atmospheric disper-

sion. Emanation rates at the fac i l i t y boundary are expected to be consid-

erably less than the 25 mrem/yr whole body c r i te r ia proposed [80].
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Additional field studies should be performed to verify these prelimi-
nary investigations, taking into consideration the effects of differences
in site climate, soil conditions, and measurement techniques.
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4. CONSEQUENCES OF MICROBIAL ACTIVITY ON RADIONUCLIDE
MOBILITY AND SITE STABILITY

The justification for the conclusion that low level radioactive waste

disposal trenches are anaerobic and a description of the nature of the

biochemical transformations occurring therein were presented in Section 2.

With this information, it is now possible to assess the effect of the

microbial community and the changes in the physical environment resulting

from microbial growth on radionuclide mobility. Topics to be discussed

include:

a) bioaccumulation of radionuclides,

b) chelation effects on radionuclides,

c) soil redox potential (En) and radionuclide mobil i ty,

d) methylation of radionuclides, and

e) role of organic matter decomposition in soil surface subsidence.

4.1 Bioaccumulation of Radionuclides.

The questions which must be considered to determine the impact of bio-

accumulation on radionuclide mobility are: a) Does bioaccumulation occur

in the trench ecosystem? b) Would bioaccumulation enhance or retard radio-

nuclide mobility? c) What would the effect of radionuclide decay be on

microbial growth and development? d) Upon death of the microbial cell

would mineralization of the cell substituents and subsequent mobility of

the radionuclides be greater or less than i f bioaccumulation had not oc-

curred? Due to the lack of data concerning occurrence of this phenomenon

in the disposal trench, conclusions must be based on extrapolation of ex-

perimental results collected during study of alternate ecosystems. Thus,

definit ive proof of the relationships wi l l be delayed pending acquisition

of data describing the ecosystem in question, but several general conclu-

sions are s t i l l possible.

Previous studies of bioaccumulation have involved assessment of the

use of this microbial property to recover metals or to floculate suspended
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wastes in aquatic ecosystems L81-83J. As was demonstrated by the work of

Strandberg et al. [83], bioaccumulation is apparently a rapid chemical re-

action between the nuclide and charged sites of the microbial cell wall.

The rate of reaction can vary from a few minutes, as was recorded with

Pseudomonas aeruginosa, to hours with Saccharomyces cerviseae [83]. Abi-

otic parameters in the ecosystem greatly affect the accumulation. Uranium

accumulation by Saccharomyces cerviseae was affected by pH, temperature and

competing ions [84]. Interestingly, the binding of the nuclide to the

microbial cell wall is reasonably strong in that the uranium bound to

Saccharomyces cereviseae could not be removed by washing the cells in

water. Treatment with ammonium carbonate, nitric acid or ethylenediamine-

tetraacetic acid (EDTA) did remove a portion of the bound nuclide [84],

Competition with other metal binding substances in the ecosystem may reduce

bioaccumulation. Cadmium binding by Daphnia magna was apparently mitigated

by chelation of the metal by humic acids, pyrophosphate, or aminopolycar-

boxylic acid [85], since the addition of these complexing agents to the

growth medium reduced cadmium accumulation by the Daphnia. The effect is

more complicated than simple chelation in that, in the presence of diethyl -

dithiocarbamate, the bioaccumulation was stimulated. These data, when

examined in light of the extreme variability of the trench ecosystem, makes

estimation of the amount of bioaccumulation of nuclides occurring in the

trench difficult. The only strong conclusion that can be reached is that

radionuclides can and will be accumulated en the surface of microbial

cells. Thus, determination of the effect of this accumulation on mobility

is necessary.

The major physical manifestation of bioaccumulation is that soluble

radionuclide molecules are converted to particulate substances of sizes ap-

proximating that of growing microbial cells. Thus, factors controlling

mobility of the nuclide will essentially be those relating to microbial

mobility in general. Within the trench confines, the microbes may be sus-

pended in the trench waters or immobilized on surfaces of particulate sub-

stances. The latter microbes are of little consequence in radionuclide

loss from the trench. The question, thus, becomes: Will the bacteria sus-

pended in trench waters be able to penetrate the soil matrix and migrate
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from the trench? Considerable research has been conducted to evaluate

movement of fecal conforms contained in sewage effluent applied to soil

surfaces or entering soils through septic systems. These data are useful

in evaluating migration of microbes from the waste disposal trench. Both

mineral and organic soils are effective filters of microbial cells from

sewage and septic system effluents [86-92]. Few difficulties are encoun-

tered, except in the cases of channeling and with saturated water flow.

Thus, it can be concluded that construction of a compacted trench base and

placement of the trench in regions of low soil water tables would minimize

problems associated with bioaccumulation. Placement of trenches on sandy

soils may create some difficulties in that microbial movement is greater in

that soil type than in heavier soils.

Material accumulated on growing microbial cells would be expected to

remain attached to the cell until the death and subsequent decay of the

cell substituents. Longevity of the microbes surrounded with radionuclides

may be anticipated to be shorter than that of the microbe adsorbing a non-

radioactive metal, such as iron. Wildung and Garland [93] observed a sig-

nificant decline in aerobic spore forming and anaerobic bacteria in soil

amended with hydrolyzable plutonium ( ^ ^ P U ^ O - ^ ) at concentrations

as low as 1 yg/g soil. Thus, stability of the radionuclide-microbe complex

could be threatened by the radiation induced death of the microbe. Unfor-

tunately, the effect of the attached radionuclide molecules on the mineral-

ization of the dead cell debris is unknown. It could be hypothesized that

sufficient radionuclide concentrations could be bound to the cell debris to

inhibit or prevent its subsequent biodegradation. Thus, should this be the

case, retention of the radionuclides in non-mobile forms would be extended.

Research to elucidate this possibility is suggested.

4.2 Chelation Effects on Radionuclides

Problems with chelators in trench waters are divisible into two major

areas: 1) chelators originating with the waste materials, and 2) chelators

synthesized by the microbial community indigenous to the trench. Although
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augmented radionuclide mobility is the major problem associated with each

group, the importance and impact of each source is unique. Thus, the two

types of chelators wi l l be discussed separately.

Chelators contained within the waste materials are primarily EDTA,

DTPA (diethylenetriaminepentaacetate), and NTA (n i t r i lo t r iace t ic acid).

These compounds convert insoluble radionuclides into water soluble struc-

tures, which may migrate from the trench confines with trench waters [94].

This effect may be precluded by the biodegradation of the primary chelator;

EDTA, NTA and DTPA are al l biodegradable under aerobic conditions. In 1975

Tiedje [95] reported the degradation of EDTA in soi ls and sediments under

aerobic conditions and by microorganisms in mixed l iquid cultures. Equiva-

lent degradation rates were found for the copper, cadmium, zinc, manganese,

calcium and iron salts in s o i l , whereas the nickel salt was degraded more

slowly. No radionuclide salts were examined. Similar results were found

by Belly et a l • [96] with EDTA decomposition in an aerated lagoon. No deg-

radation was found under anaerobic conditions.

Studies of NTA decomposition are more abundant. In lake water, Chau

and Shiomi [97] found the copper, nickel, cadmium and mercury salts of NTA

to be very resistant to biodegradation. Some aerobic biodegradation was

reported. Bourquin and Przybyszewski [98] were able to isolate bacteria

from fresh waters capable of degrading NTA. Although bacteria capable of

degrading NTA could be found in surfaces of sediments of Escambia Bay,

Florida, some unknown factors prevented NTA decomposition in the estuarine

environment. Tiedje and Mason [99] found NTA decomposition in a variety of

agricultural soi ls receiving sewage effluent. Degradation was observed

with NTA concentrations of 10 to 600 ppm and temperatures of 2 to 24°C, but

not under anaerobic conditions. Similarly, Barnhart et a l . [100] found no

NTA decomposition under anaerobic conditions in the absence of nutrient

supplements. Enfors and Molin [101,102] have reported anaerobic degrada-

tion of this chelator; nitrate was used as terminal electron acceptor. A

wide variety of bacteria have been isolated that are capable of converting

NTA to carbon dioxide and ammonia in the presence of oxygen [103-108]. A
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common intermediate in the pathway appears to be iminodi acetate, which

could also be a chelator. Firestone and Tiedje [104] found that a Pseudo-

monas species was capable of degrading calcium, manganese, magnesium,

copper, zinc, cadmium, iVon and sodium NTA chelates at nearly equivalent

rates when metal concentrations were maintained at low enough concentra-

tions to avoid toxici ty from the liberated metal.

Reports of DTPA degradation are less common. Wildung and Garland [93]

demonstrated, however, that DTPA complexed with 238pu ancj 239pu w e r e

degraded by about 20% over a 95-day period when incubated aerobically.

These data demonstrate that DTPA, NTA and EDTA degradation occurs

slowly under aerobic conditions and that l i t t l e decomposition can be ex-

pected u'.ider anaerobic conditions. The sole case of signif icant anaerobic

decomposition indicated a requirement for ni trate ?<; a terminal electron ac-

ceptor. Nitrate would not be expected to occur in signif icant concentra-

tions in low level radioactive waste disposal trenches (see Section 2.2.1).

Thus, i t is reasonable to conclude that reduction of solubi l i ty of nuclide

chelates via microbial action would be minimal in the low level radioactive

waste disposal trench. A more probable reduction of radionuclides complex-

ing with these chelates would result from exchange of radionuclides with

metals such as iron, which have a higher a f f in i ty for binding to the

chelator.

A wide variety of compounds that may solubilize radionuclides are pro-

duced by the microbial community. These include hydroxamates (produced by

bacteria for solubilizing iron [100]), fat ty acids and metabolic products,

as well as humic and fu lv ic acids L109], and metabolic intermediates such

as 2-ketogluconic acid [110]. As indicated above, fatty acids are produced

during anaerobic decomposition of the carbonaceous waste substituents in

the disposal trenches. Fulvic and humic acids are soil organic matter com-

ponents, which result from microbial and chemical transformations of the

more biodegradation resistant carbon residues [ i l l ] . These residues in -

clude the l ignin common in plant debris and products from plants, such as
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paper. Because of the abundance of acidic groupings on these molecules,

sol utilization of cationic nuclide residues will occur. Complexing with

humic acid would be of little consequence in that these acids are not water

soluble. Significance of the other complexes will depend upon the capabil-

ity of iron, and other metals known to be present in trench waters, to dis-

place the radionuclides, and the biodegradability of radionuclide-acid com-

plexes. Further research is suggested to elucidate this problem.

4.3 Soil Redox Potential (En) and Radionuclide Mobility.

Radionuclide mobility may be altered by reduct.jn of the radionuclide

[8,11]. This may be postulated to occur chemically as the result of the

extremely reducing conditions characteristic of an ecosystem wherein meth-

ane is generated, or to result from direct reduction of the metal by the

microbes. Metals are used by microorganisms as terminal electron ac-

ceptors. Reduction of selenate, selenite, tellurate, tellurite, vanadate,

molybdate, molybdenum trioxide, arsenate, chlorite and MnO2 was shown to

be common to soil microbes [112J. Genera1 reviews include discussions of

this process [113,114]; however, this bioreduction has not been observed

with radionuclides. Due to the multiple oxidation states of radionuclide

complexes, and to the differential solubility of oxidized and reduced prod-

ucts, further research is needed to elucidate the occurrence and signifi-

cance of this process.

4.4 Methylation of Radionuclides.

A wide variety of metals are methylated by the microbial community.

Recent reviews of this subject provide a more detailed analysis of the

process [113-117]. Elements that have been methylated include mercury

L118], arsenic [119-123], selenium [124-126], and tt'> urium [126]. Barn-

hardt et a!. [100] have examined the potential for m i. ylation of thorium

and plutonium using methyl cobalamine, the analog of vitamin B ^ used by

bacteria to methylate metals. Although preliminary studies suggested

methylation, no significant production of methylated products was observed.
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The major conclusion possible from their data is that methylation of thor-

ium and plutonium did not occur under the incubation conditions of their

cell-free assay. The probability still remains that under the more complex

conditions of the trench ecosystem, a microbe species may have developed an

enzyme system capable of methylating some radionuclides. Thus, more exten-

sive analyses of trench water and gas samples for methylated radionuclides

and examination of microbial isolates for methylation capacity are neces-

sary before this process is eliminated as a potential contributor \.o

radionuclide mobility.

4.5 Role of Organic Matter Decomposition in Soil Surface Subsidence.

Oxidation of the organic component of the waste material results in

the conversion of water insoluble substances to gaseous and water soluble

Cicnicals. This results in a significant reduction in the volume of buried

waste. An expected consequence of this reduction in volume is subsidence

or loss of surface elevation of the trench cap. With an even distribution

of organic material within the trench, this subsidence would be uniform

across the soil surface, but this is obviously not the true situation.

Pockets of microbial activity within the trench will eventually cause

pockets of surface subsidence.

Since biodegradation of the organic portion of the waste material

eventually leads to stabilization of the system, subsidence of the soil

surface should be considered to be a troublesome but acceptable conse-

quence. Effective management of the disposal site would be facilitated if

the rate and extent of subsidence could be predicted.

The amount of eventual subsidence will depend upon the degradation

rate of the organic waste and compaction of the totality of waste. Each of

these factors varies not only between different trenches, but will also

vary between different locations within a single trench. Thus, prediction

of the amount of subsidence is difficult at best. Because of the basic

properties of the decomposition of heterogeneous organic substances, the
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majority of the microbial transformations would occur during the f i r s t few

years following trench closing L127J. Actual rates w i l l vary depending

upon the accessibility of the substrates to the microbes. The in i t i a l

rapid oxidation is associated with catabolism of readily degradable carbon

substituents, including carbohydrates, ami no acids and fat ty acids. As

these carbon sources are exhausted, the microbes must oxidize t^e more de-

gradation resistant components of the waste for energv, resulting in a de-

cl ine in the oxidation rate L127]. This simple preQ.-.ion of metabolic

rates is complicated by the segregation and partit ioning of organic wastes

in disposal containers and by the use of concrete or other barriers to

microbial act iv i ty . Biodegradation of occluded substrates, i f i t occurs at

a l l , wi l l be retarded until the barrier is breached.

Thus, prediction of an overall decomposition rate and a resultant sub-

sidence rate for the disposal si te is d i f f i cu l t . The suggested procedure

involves monitoring of microbial act iv i ty through measurement of products

in trench waters and gases. When active synthesis of metabolic end prod-

ucts declines or ceases, i t may bo reasonable to conclude that the bulk of

biodegradation is complete and that compaction would be expected to be the

major cause of subsidence. Caution is suggested in interpreting these

types of data in that delayed microbial activity could also result from

occlusion of biodegradable waste components.
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5. AEROBIC CONVERSION OF WASTE MATERIAL

The accumulation of partially oxidized carbonaceous compounds in

trench waters [7,17-19], methane evolution in the trench ecosystem [1-6],

and the nature of the trench construction support the conclusion that the

predominant biochemical transformations in this interesting ecosystem occur

in the absence of oxygen; that is, they are anaerobic reactions. Yet, it

is important for a complete assessment of the microbial processes occurring

in the low level radioactive waste disposal trench to examine aerobic car-

bon metabolism.

Aerobic decomposition (catabolism of the organic substrates with free

oxygen serving as the terminal electron acceptor) of the organic components

of the waste materials would occur prior to, and for a short period after,

closing of the trench. The duration of the latter period would depend upon

the activity of the microbial community. With an active microflora cata-

bolizing organic substrates, the free oxygen would be rapidly depleted

[100]. Sites of aerobic carbon oxidation may also be found at the trench

extremities; that is, aerobic oxidation would be found where the trench cap

is breached so as to allow oxygen diffusion into the waste cavity. This

could result from the activity of small animals, subsidence of the trench

cap, and as a result of the placement of trench water sampling pipes. Con-

sideration of aerobic oxidation of waste substances is also important in

evaluating the efficiency of current disposal procedures and development of

new techniques. As will be discussed later in this section, readily de-

gradable substances may be removed from the waste by instituting a proce-

dure that includes a short aerobic preincubation period prior to burial.

This would increase the amount of manipulation of the waste prior to

disposal, but the major advantage would reside in the production of a more

biologically stable product for burial. The aerobic product would be more

biodegradation resistant than the primary waste substance. Thus, the

microbial changes in the waste following trench closure would be reduced.

This would lead to less gaseous product formation, reduced mobility of

radionuclides, and diminished subsidence of the trench surface. Advantages

and disadvantages of aerobic pretreatment will be discussed.
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5.1 Aerobic Carbon Oxidation Pathways.

Aerobic oxidation of organic substance? .s characterized by the gen-

eral conversion of organic materials to water soluble minerals and gases.

The terminal oxidation products include carbon dioxide, ammonia, water,

etc. For example, simple aromatic compounds are oxidized by bacteria and

fungi through pathways that include hydroxylation of the aromatic ring,

cleavage of the ring, and oxidation of the resulting organic acids [43].

The organic acids are oxidized to carbon dioxide and water via the tri-

carboxylic acid cycle [30,36J.

With aromatic compounds containing side chains, generally the side

chains are metabolized prior to hydroxylation of the ring [43,128]. For

rings containing linear alkanes or fatty acids, this will occur through

B-oxidation as described above. More complex transformations occur with

oxidation of other side chains, as in the oxidation of tryptophane [30].

With multiple ring containing compounds, individual rings may be oxidized

in sequence, as in the catabolism of biphenyl [129,130] and napthalane

[131-136]. Products of multiple ring systems oxidized in this fashion in-

clude aromatic acids, such as thuse that are detected in trench waters. As

the aromatic ring systems become more complex, they become more biodegrada-

tion resistant, even under aerobic conditions. Complex substances, such as

humic substances or lignin, are decomposed exceedingly slowly [53]. With

lignin, and perhaps in the decomposition of humic substances, the micro-

organisms examined thus far derive their carbon and energy from oxidation

of simple substrates, such as sucrose, while catalyzing the oxidation of

the more complex lignin molecule [137,138]. That is, cell substance is

synthesized from a more easily metabolized substrate rather than the lig-

nin. This means that decomposition of the simple aromatic compounds can

be expected to be completed (assuming no environmental limitations to

microbial growth and activity) in hours to days, whereas compounds related

to lignin and humic substances may require thousands of years to be totally

mineralized [53].
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Aerobic metabolism of monosaccharides (subunits of polysaccharides

such as cellulose) and amino acids (monomers of proteins) follow a similar

pattern in that, generally, the parent molecule is degraded to the extent

that its oxidation can be completed via the tricarboxylic acid cycle L30,

363. Generally, the amino group of the amino acids is removed through the

action of deaminases early in the degradative pathways [30,36]. In each

case, the terminal oxidation products are carbon dioxide, water, and, for

the amino acids, ammonia.

A primary trait of all aerobic degradation processes is that the pri-

mary substrate is oxidized to the full extent allowed by the enzymes of the

microbial community. Generally, the final products, from the view of the

entire ecosystem, are carbon dioxide, water, and ammonium. Even though the

microbes that initiate the oxidation of the primary substrate may lack the

enzymes needed to totally mineralize the substrate, growth of other micro-

organisms on the intermediates produced will result in total mineralization

of the starting material. This is exemplified by the microbial catabolism

of cellulose L127]. Accumulation of partially oxidized products would oc-

cur if these products could not be metabolized further by any of the other

members of the microbial community or if the growth and activity of the

organisms mineralizing the intermediates are precluded by the existing en-

vironmental parameters. Non-metabolizable intermediates arise from the ox-

idation of several aromatic compounds. The side chains of the substituted

aromatic compound may be metabolized or transformed, but the resultant

aromatic product may be recalcitrant [139], For example, several interme-

diates accumulate during the decomposition of DDT [140,141]. Environmental

limitations to completion of a metabolic sequence are exemplified by the

effect of alkaline conditions on nitrification. Nitrification is the oxi-

dation of reduced forms of nitrogen (ammonium) to a more oxidized state

(nitrite and nitrate) [127]. Ammonium is nitrified to nitrate in a two-

step sequence catalyzed by two distinct groups of bacteria. Ammonium is

first oxidized to nitrite by the ammonium-oxidizers, and the resulting

nitrite is then oxidized to nitrate by the nitrite-oxidizers [127]. Under

alkaline conditions, ammonium is converted to ammonia, which is toxic to
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the nitr i te-oxidizers hut not to the ammonium-oxidizers. Thus, under alka-

l ine conditions, the intermediate product, n i t r i t e , accumulates L127].

5.2 Limitations to Aerobic Act iv i ty .

Those environmental factors controlling microbial act ivi t ies in gen-

eral microbial metabolism and ir. gaseous end product synthesis have been

discussed in Section 3.2. Factors evaluated included redox potential

(Eh), pH, temperature of tte trench, and accessibility of the organic

substrate to the microbial community. Effects of these parameters on aer-

obic metabolism would be qui ;:e similar to those previously analyzed for an-

aerobic metabolism. Thus, the following brief discussion wi l l highlight

only the effects specifically relating to the aerobic transformations. The

discussion w i l l be supplemented by an analysis of the effect of substrate

concentration on the reaction rates.

Oxygen is obviously an obligatory substrate for a l l aerobic biochem-

ical pathways. Availabi l i ty o" .xygen to the microbe is ultimately con-

trol led by the consumption ra t j and the oxygen diffusion rate. That i s ,

the microbes may use the available oxygen at a rate faster than i t can be

replenished by simple diffusion. Oxygen concentrations that l im i t aerobic

metabolism wi l l result under conditions that diminish the diffusion rate

(in water-saturated environments), or where very active aerobic metabolism

is occurring. The lat ter process would occur when an active microbial com-

munity is decomposing a readily oxidizable carbon source. The effect of

this on oxygen avai labi l i ty is shown in aquatic ecosystems receiving a

large influx of waste material with a high biological oxygen demand. Oxy-

gen is rapidly depleted and f ish k i l l s result.

High and low moisture levels are inhibitory to microbial metabolism.

As indicated in the previous discussion, aerobic metabolism declines under

water-saturated conditions as a result of reduced oxygen diffusion Under

low water conditions, general microbial metabolism is reduced by the dimin-

ished water avai lab i l i ty . This principle is used for the preservation of
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many types of foods [142]. This effect is observed in the soil ecosystem

as a stimulation of microbial act iv i ty by water amendment [143-145].

As previously discussed, substrate avai labi l i ty is a major l imitation

to decomposition of the organic waste. This results not only from the

physical structure of the organic material i t se l f , but also from the oc-

clusion of biodegradable substances in containers, concretes, etc. These

practices not only l im i t access of the waste to the microbial community,

but also l im i t oxygen dif fusion.

Substrate concentration also affects the decomposition rate. Biodeg-

radation of organic substances increases with substrate concentration to a

maximum, beyond which increased substrate levels have no effect on the re-

action velocity. The decomposition, when plotted against substrate concen-

t ra t ion , is generally described by a sigmoidal curve [30]. More important

to the present discussion is the observation that high substrate levels are

frequently inhibitory to their own decomposition [30], This may result

from osmotic effects, as is noted with high sugar concentrations [142], or

from the toxic nature of the substrate. The lat ter effect is generally

noted with aromatic compounds. With these chemicals, concentrations as low

as 0.05 to 0.2 percent may be inhibitory [146]. The practical implications

of this substrate effect in the trench ecosystem relate to decomposition of

aromatic compounds comprising sc in t i l la t ion cocktails and petroleum wastes.

5.3 Evaluation of Aerobic Oxidation of Low Level Radioactive Wastes.

The extent and importance of aerobic carbon transformations in the

trench ecosystem as presently constructed have been adequately discussed n

the preceding presentation. Although situations exist where a transient

aerobic community develops, i t is reasonable to conclude that the impact of

aerobic metabolism is minimal. Thus, th is evaluation w i l l involve an anal-

ysis of the possibil i ty of encouraging greater aerobic metabolism of the

organic wastes prior to closing of the trench. Advantages and disadvan-

tages w i l l be discussed.
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The major principle in support of increased use of aerobic reactions

is that a more stable (biologically), less biodegradable product is pro-

duced. This results from the fact that the microbial community metabolizes

the more readily-oxidizable waste products first [127]. Thus, the final

product would contain fewer carbohydrates and proteins, which are charac-

teristic of plant debris and animal remains, and an enrichment in biodeg-

radation resistant components, such as more complex aromatic substances,

would occur. Thus, the compounds most actively decomposed under anaerobic

conditions would be removed (see Section 2), and substances of greater

stability in the absence of oxygen would remain.

Several advantages can be predicted to result from the burial of a

more biologically stable waste. Some of these are:

a) With the increased biological stability, biological conversions of

the waste within the trench would be reduced. This reduced min-

eralization would result in a reduction in surface subsidence by

that portion contributed by decomposition of the organic waste.

b) Several important waste components are only degraded to a sig-

nificant degree aerobically. These include the troublesome

chelating agents of decontamination solutions (see Section 4.2).

Even under aerobic conditions, biological decomposition of these

chelators is slow. Because of the difficulties associated with

mobility of chelated radionuclides, segregation and aerobic treat-

ment of this type of waste material should be considered.

c) With the diminished levels of carbohydrates and amino acids in the

final product, acid production by the anaerobic microbial commu-

nity would be reduced. Thus, integrity of disposal containers

susceptible to dissolution by acid would be extended. Also,

since methane is synthesized from the organic acids, evolution

of this gas would be decreased.
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Several d i f f i cu l t ies are also anticipated to arise from aerobic pre-

treatment of the waste materials:

a) With the increased handling of the waste material, manpower costs

would be augmented.

b) In i t ia l evolution of carbon-14 from the disposal s i te as carbon

dioxide would be greater. However, this would be balanced by the

reduced carbon-14 loss following closing of the

c) Odoriferous compounds may be produced during the active decompo-

sit ion of the organic waste components.

The biochemical potential for aerobic decomposition has been assessed.

The practical i ty of the system cannot be total ly evaluated without further

research on the effects of radionuclides on aerobic carbon oxidation rates

and the products of the reactions. Data describing the need for nutrient

augmentation of the waste to provide growth substances required by the

microbes is also lacking.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions.

This assessment of the biological processes occurring within low level

radioactive waste disposal sites has revealed the dynamic nature of the

ecosystem, shown the probability of augmented radionuclide mobility result-

ing from the biological metabolism of the organic waste, and predicted the

eventual biological stability of the organic material.

Initially, an aerobic microflora predominates, but as the free oxygen

is depleted, anaerobic reactions assume major importance. The aerobic

period in the maturation cycle is most likely extremely short as compared

to the duration of the other developmental stages. Depending upon the

quantities of nitrate and sulfate present, the redox potential at locations

within the trench may be poised at values characteristic of biological re-

duction of these oxides, before it is reduced to the extremely low values

characteristic of a methane producing ecosystem L58]. Organic acids may

accumulate in trench waters, where establishment of the redox potential

necessary for methanogenesis is precluded by low moisture levels, oxygen

diffusion, or the chemical composition of the waste material. In flooded

trenches, the redox potential apparently declines to the -200 to -1000 mV

level necessary for methane generation, since methane evolution is de-

tected in these sites L58J. While the redox potential is dropping as a re-

sult of microbial activity, the nature of the carbonaceous substrates being

oxidized is also changing. The first substrates to be metabolized are the

easily oxidizable polysaccharides and proteins. As these are depleted, the

more biodegradation resistant compounds are metabolized. Variations in

this pattern of oxidation will result from packaging of the waste material,

or from other barriers created while filling the trench. Thus, large quan-

tities of easily oxidizable carbonaceous substrates may be occluded from

the microbial community until decay of the container is completed. Even

with this complicating factor, it is reasonable to conclude that the bio-

logical stability of the organic waste material increases with time. The
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f inal product w i l l be material that is recalcitrant to further biological
oxidation under the existing physical and chemical environment.

Radionuclide mobility is enhanced directly by production of substances

containing carbon-14 or t r i t ium and by synthesis of organic acids, which

may solubilize water insoluble radionuclide compounds. Indirect stimula-

t ion of radionuclide mobility may result from the reduced oxidation poten-

t i a l resulting from microbial growth and oxidation of carbonaceous wastes,

and perhaps from the direct methylation of the nuclides. Preliminary ex-

periments assessing the probability of the lat ter reaction were negative

L100], but because of the large scale occurrence of metal methylation by

the microbial community, further research should be conducted before the re-

action is ruled not to occur. Inabi l i ty of the anaerobic microflora to de-

compose EDTA, NTA and DTPA to any significant degree also contributes to

enhanced radionuclide mobility. This problem, combined with the enhanced

corrosion of disposal containers, which results from microbial production

of organic acids and chelators, provides added importance to research into

better methods of disposal of the xenobiotic chelators.

Evaluation of trench waters and gases from existing disposal sites

indicates the existence of an active microflora involved with the decompo-

sit ion of the organic components of the waste material. Questions f re -

quently arise concerning the probability of active microflora development

in newly constructed disposal trenches and the need for microbiological

characterization of the site prior to trench construction. This assessment

of microbiological capabilities would be important i f the microbiological

transformations were unique to the trench ecosystem or i f the waste mate-

r ia l i t se l f were unique. Neither condition is true. The waste material

contains substances of reasonably common occurrence, and the biochemical

reactions are ubiquitous in the soil microflora. Some selection of micro-

organisms resistant to the radioactive decay of the nuclides occurs in the

trench L7,55,93J, but the microorganisms selected have metabolic capabil i -

ties in common with the general soil microflora. Although the methanogenic

bacteria are l imited to a few species of highly specialized bacteria,
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methane synthesis is observed in most environments, where anaerobic decompo-

sit ion of organic matter is occurring and abiotic parameters do not pre-

clude growth of the microorganism L21J. Therefore, i t is reasonable to

conclude that similar biochemical transformations would occur in newly con-

structed disposal trenches, as have been previously recorded. This con-

clusion is based on the assumption that trenches would not be constructed

in a manner or at a site where microbial ac t iv i ty is precluded or severely

l imited. Sources of microbial inoculum for organic waste decomposition

would be the soil of the disposal s i te , the waste material i t s e l f , and the

air around the s i te.

A major observation stemming from this assessment is that the quantity

of available data relating directly to low level radioactive waste disposal

sites is l imi ted. Many of the conclusions derived herein are based upon

extrapolation of limited data collected from the radioactive waste disposal

sites, supplemented with observations of similar ecosystems. Thus, many of

the conclusions are necessarily general in nature and obviously tentative,

pending confirmation by more detailed research. Several specific research

needs are l is ted below. The proposed experiments wi l l provide a broader

data base for use in development of future disposal sites and in the pre-

diction and solution of problems, which may develop with existing sites.

6.2 Research Needs.

The majority of the data deficiencies encountered in this study relate

to information required for the prediction of radionuclide mobility

(amount, duration and molecular form of the mobile radionu-lide), and the

length of time required for development of a stable system. A stable sys-

tem is defined as one in which microbial transformation of the organic

material has ceased or is at least minimal. Thus, surface subsidence would

result only from residual compaction within the trench, and radionuclide

mobility would be predictable and hopefully minimal. Since the important

biochemical transformations in the trenches as they are currently construc-

ted are anaerobic, most of the suggested studies are necessarily directed
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at increasing our understanding of biochemical and nuclide transformations

in reducing atmosphere. Some work is needed to elucidate aerobic trans-

formations to provide data needed for evaluation of alternative disposal

procedures. Some specific research needs are listed below.

1. Quantitative and qualitative analyses of changes in organic carbon

compounds in trench waters with time. Emphasis should be in the analysis

of organic acids (especially short-chain fatty acids), neutral aromatics

and aromatic acids. These studies should be combined with water balance

research so that changes in total quantities of the organics can be es-

timated. These data will be useful for evaluating the rate and extent of

oxidation of the organic matter and the duration of the active metabolic

phase.

2. Measurement of bioaccumulation of radionuclides and stability of

radionuclide-microbial cell or radionuclide-organic carbon complexes.

These data will allow estimation of the degree of radionuclide immobiliza-

tion resulting from bioaccumulation, and evaluation of the stability of the

complexes. Stability of the radionuclide-microbial cell complexes should

be examined aerobically and anaerobically so that consequences of future

breaches of the trench cap can be evaluated.

3. Effect of highly reducing conditions (low E^) on radionuclide

chemical state and mobility. These studies must address spontaneous re-

duction of radionuclides and their potential to serve as terminal electron

acceptors for microbial metabolism.

4. Methylation of radionuclides. Previous data suggest methylation

may be of little importance in radionuclide mobility, since methylated

nuclides are unstable under aerobic conditions [100]. But, since methyl-

radionuclides could migrate to groundwaters under anaerobic conditions, the

potential microbial production of these compounds must be disproven, or

demonstrated and evaluated.
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5. Effect of radionuclide concentration on extent of metabolism and

the nature of metabolic products accumulated. Previous work has demon-

strated selection for microbes resistant to radioactive decay in soils L93]

and disposal trenches L7,55J. As the mineralization of the organic matter

proceeds to completion and as these radionuclides are concentrated via bio-

accumulation, they may reach concentrations lethal to key microorganisms,

such as the methanogens. Also, should aerobic digestion of xenobiotic

chelators be considered, effects of radionuclide concentration on these

reactions assume paramount importance. These possibil it ies need further

c lar i f icat ion.

6. Evaluation of nutrient supply in waste. For total decomposition

of the organic waste to occur, a l l the nutrient needs of the microbial com-

munity must be met. Because of the large quantities of carbonaceous mate-

r ia l buried, nitrogen could become l imi t ing. Limitations are possible

under anaerobic conditions, but would be mere l ikely during any aerobic

process that may be considered.

7. Field studies of the quantities of gaseous products produced

within the trench and the proportion of these compounds leaving the soil

surface. These experiments are obligatory to determine the extent of bio-

degradation occurring within the ecosystem and the quantity of carbon-14

and t r i t ium retained in the aerobic biomass in the upper layers of the soil

prof i le . These data w i l l allow a more accurate assessment of the duration

of measurable carbon-14 and tri t ium fluxes released from the s i te. The

physical and chemical parameters of the trench site at the time of flux

determination should be measured so that trencn design can be evaluated.

8. Evaluation of evolution of carbon-14 and tri t ium as volati le acids

and amines. These data should be collected predominantly at non-floocied

sites, but also periodically at the flooded sites. Importance is at t r ib-

uted to this portion of the project in that, should the En of the eco-

system rises significant fluxes of these gases must be expected.
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9. Effect of variation of waste pH on decomposition. A major var i -

able which controls biological act iv i ty in trenches is the pH. Highly

acidic or alkaline conditions wi l l severely retard biodecomposition. pH

variation and gaseous evolution from the trench should be specifically

studied with the objective of maximizing trench design capabilities to

minimize pH inhibit ion or biological act iv i ty .

10. Barriers to biodecomposition. Examine procedures of trench load-

ing to develop procedures which w i l l minimize physical barriers to micro-

bial decomposition of the waste material.

11. Quantification of methane and hydrogen oxidation within the soil

p ro f i le . A portion of the oxidation products of these reactions w i l l be

fixed into soil biomass and organic matter. The loss of carbon-14 and t r i -

tium so fixed from the environment w i l l be delayed. Some of these com-

pounds have long turnover times in the ecosystem, and hence long term d i f -

f icu l t ies could be postulated.
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