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1. Executive Summary 
A. Meike 

The general purpose of the Yucca Mountain 
Site Characterization Project (YMSCP) Introduced 
Materials Task is to understand and predict 
potential long-term modifications of natural 
water chemistry related to the construction and 
operation of a radioactive waste repository that 
may significantly affect performance of the waste 
packages. The present study focuses on diesel 
exhaust. Although chemical information on diesel 
exhaust exists in the literature, it is either not 
explicit or incomplete, and none of it establishes 
mechanisms that might be used to predict long-
term behavior. In addition, the data regarding 
microbially mediated chemical reactions are not 
well correlated with the abiotic chemical data. To 
obtain some of the required long-term information, 
we chose a historical analog: the U12n tunnel at 
Rainier Mesa, Nevada Test Site. This choice was 
based on the tunnel's extended (30-year) history 
of diesel usage, its geological similarity to Yucca 
Mountain, and its availability. The sample site 
within the tunnel was chosen based on visual 
inspection and on information gathered from 
miners who were present during tunnel opera
tions. The thick layer of dark deposit at that site 
was assumed to consist primarily of rock powder 
and diesel exhaust. 

Surface samples and core samples were 
collected with an intent to analyze the deposit 
and to measure potential migration of chemical 
components into the rock. X-ray diffraction 
(XRD), x-ray fluorescence (XRF), scanning electron 
microscopy (SEM) with energy dispersive spectra 
(EDS) analysis, secondary-ion mass spectrometry 
(SIMS), and Fourier transform infrared (FTIR) 
analysis were used to measure both spatial distri
bution and concentration for the wide variety of 
chemical components that were expected based 
on our literature survey. 

Concentrations of Ba, Ti, S, and Ca increased 
in the surface deposit with respect to analyses of 
the rock at depth (-2.5 cm from the tunnel surface). 
Although all of these elements are related to diesel 
exhaust in the literature, increases in S and Ca 
may also be related to tunnel respiration (the 
process in which dissolved species are transport
ed in pure fluids to the tunnel wall where evapo
ration occurs, leaving a precipitate). Other metals 

that have been associated with diesel exhaust 
analyses in the literature (As, Cu, Pb, Bi, Mo, Mn, 
Pt, and P) were also detected in some surface 
samples but not in others. This variability in the 
analyses is related to the extremely low concen
trations, but it also suggests heterogeneity of 
the exhaust deposit and, in some cases, a source 
other than diesel exhaust (e.g., detergent, minute 
paint spatters, flakes of coating materials). Other 
elements detected (Si, Fe, Zn, Nb, Rb, K) did not 
show an arguable trend beyond the analytical 
error. The measured concentrations of Cr and NI, 
also associated with diesel exhaust, increase at 
depth. However, with the exception of Ba, the 
absolute concentrations of elements that can be 
directly associated with diesel exhaust are quite 
low. Some increase in hydrocarbon content was 
detected, as was an increase in total organic carbon 
(TOC). Given the age of the deposit, we expect 
that for the purpose of test interference analysis, 
these analyses may be considered a minimum 
value. Further identification and characterization 
of the hydrocarbons were not within the scope of 
the present study. 

Preliminary computer chemical simulations 
were conducted using the EQ3/6 geochemical 
modeling code and a simplified version of the 
chemical analysis of the surface deposit. The 
other modeling exercise originally planned, using 
analyses from the literature, proved to be impos
sible because the information was incomplete. 
However, one objective of the Introduced Materials 
Task is to expand the EQ3/6 database into the 
areas that will be necessary to model introduced 
materials. Comparison of the database with the 
literature demonstrated the lack of some gaseous 
species (e.g., N O x species) for which data exist in 
the literature but have been omitted from the 
database because they have not been required for 
normal geochemical analysis. In the case of the 
N O x species, the database has been modified. 

Given the time and database restrictions for 
the present study, and thus the inability to con
duct a full spectrum of simulations, we assumed 
an open system and that all the carbon was present 
as elemental, and most probably amorphous, 
carbon with the potential of being converted to 
carbonate. As might be expected under these 
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conditions, p H was considerably affected, 
which ultimately affected the identity of the 
phases predicted to dissolve and to precipitate. 
These results are considered to represent one 
extreme bound for the potential chemical modi
fication of natural waters by a deposit similar to 
the U12n tunnel composition. 

The analysis of the abundance and distribu
tion of microbiota that may be affected by diesel 
fuel and diesel exhaust provides a first step 
toward obtaining data related to microbially 
mediated chemistry in a form that is consistent 
with the present YMSCP framework for predict
ing abiotic chemical reactions. Total cell counts 
and numbers of aerobic heterotrophic, sulfate-
reducing, nitrate-reducing, citrate-utilizing, 
and diesel-degrading bacteria were obtained. 
Samples were taken from three depths into the 
walls and invert (floor), using methods that will 
be developed for future quality-affecting inves
tigations in the Exploratory Studies Facility 
(ESF). The potential for microbial contamination 
of the tunnel wall during sampling was deter
mined to be negligible by monitoring the distri
bution of latex spheres (1 um diam), labeled 
with fluorescent dyes, that were used as tracers 
in all microbial sampling. 

In general, the tunnel invert, a perturbed 
environment, demonstrates a greater abundance 

of specific bacterial types than does the tunnel 
wall. However, the trends recorded in culturable 
counts of aerobic heterotrophic bacteria with 
depth in the wall and the invert were the inverse 
of each other. The counts increased with depth 
into the wall and decreased with depth into the 
invert. TOC content decreased with depth in both 
the wall and the invert. Thus, it is no surprise that 
where a negative correlation was observed 
between TOC content and numbers of culturable 
microorganisms in the wall samples, a positive 
correlation was observed in the invert samples. 
Microbes capable of using diesel fuel and diesel 
combustion products were determined to be 
present in both the tunnel wall and the invert, 
based on the disappearance of total petroleum 
hydrocarbons measured from experimental 
microcosms that contained subsurface materials 
to which diesel fuel had been added. 

The results of this historical analog study 
emphasize the need for further investigation into 
the potential modification of the natural chemistry 
of the subsurface by diesel exhaust. This study 
also provides a template for the type of integrated 
approach, using both microbiological and chemi
cal tools, that the YMSCP Introduced Materials 
Task requires to determine and predict the long-
term chemical consequences of the presence of 
introduced materials in a repository environment. 
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2. Diesel Emissions in the Context of 
Long-Term Disposal of Radioactive Waste 

A. Meike 

Perspective 
During the design and construction of a 

radioactive waste repository, the use of many 
types of materials and construction techniques 
must be considered. As for any mining operation, 
these decisions are commonly interdependent 
and include such factors as economics, health and 
safety, and the available technology. The long-
term chemical implications for the repository 
materials must also be considered in the design 
(Meike 1994); these considerations include the 
effects of construction and operation, exposure to 
elevated temperatures, and possibly, depending 
on repository design, radiolysis. One design and 
construction decision that could have a major 
impact on other decisions and might affect the 
types of materials that remain in the repository 
for long periods of time is the type of power used 
in motorized vehicles and power generators. 

This study was undertaken to provide sup
porting data for deciding which type of power 
should be used in haulage vehicles in the 
Exploratory Studies Facility (ESF) and, of course, 
will support similar decisions for emplacement 
vehicles should a repository be developed. Two 
possibilities are being considered: diesel and elec
tric. When this study was begun, diesel power 
was favored because of economic and technologi
cal considerations. However, the potential long-
term chemical effects of diesel use in a repository 
environment are not well known. Therefore, we 
have developed this short study on one aspect of 
diesel-powered-vehicle use to determine whether 
adverse effects are observed that would suggest 
using an alternative power source such as elec
tricity. Two categories of potential chemical conse
quences of using diesel fuel in a mining environ
ment can be distinguished: the effects of diesel 
spills and of accumulated diesel-emission 
deposits. 

Diesel spills can be expected to occur occa
sionally because of human error and machine 
malfunction. The long-term stability of diesel fuel 
in a repository environment, the formation of col
loids from the organic components of diesel fuel, 
and the reactivity of diesel fuel breakdown prod
ucts, although potentially important, are being 

pursued under other activities within the Intro
duced Materials Task and are not covered in this 
report. For preliminary information on the 
hydrous pyrolysis of diesel fuel, the reader is 
referred to Jackson and Carroll (1994). For a gen
eral perspective on the impact of introduced 
materials on the formation of colloids and their 
sorption properties, the reader is referred to 
Meike and Wittwer (1994). 

The second category of potential chemical 
consequences has to do with the effects of accu
mulated diesel-emission deposits, which are the 
result of normal use during mining construction 
and operation. Because this kind of deposit is 
related to the conditions of engine use (e.g., 
engine wear, load, idle time, and run time), the 
diesel exhaust deposits should be more easily 
bounded than, for example, an unexpected spill. 
Consequently, the chemical effects should be 
more easily predicted. To conduct a relatively 
short-term assay of long-term chemical effects of 
diesel deposits, we sought a tunnel location that 
had been exposed to diesel emissions over a rela
tively extended period of time. We chose tunnel 
U12n ("N-Tunnel"), located at Rainier Mesa on 
the Nevada Test Site (NTS), because it has a histo
ry of intermittent diesel emission exposure since 
its excavation in 1964. We have undertaken the 
present study of a single historical analog sup
ported by geochemical simulations to determine 
whether these or other potentially deleterious 
chemical effects on a repository environment can 
be identified in a less than full scale study. 

Like any historical analog, N-Tunnel repre
sents a collection of experimental factors that in 
many ways are representative of mining opera
tions, but do not necessarily represent the range 
of variables in an experimentally controlled fash
ion. In fact, some factors are not quantifiable. 
There is a substantive advantage to the investiga
tion of historical analogs, however, even in the 
face of these drawbacks. That is, with the careful 
selection of the analog or analogs to be investigat
ed, the variable of time can be addressed. This 
variable is often inaccessible for most experimen
tal work, for which a normal 'long-term" labora
tory experiment may extend to several months or, 
at most, a few years. With regard to a radioactive 
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waste repository, these experimental durations 
are far too short to determine whether the 
processes under consideration are the processes 
that will be important over the long term (cur
rently 10,000 years). In addition to time, historical 
analogs offer a complex combination of factors 
that may be consistently and implicitly omitted 
during laboratory experiments. For example, 
materials degradation, geochemical transport, 
and radionuclide transport in laboratory experi
ments are commonly conducted without regard 
for (or, more often, with a direct attempt to mini
mize the effects of) microbial influence on the 
experiments. 

Factors that Determined the Approach 
to This Investigation 

Three major considerations determined our 
approach in this investigation of diesel exhaust 
accumulations. The first two considerations 
involved addressing the potential chemical conse
quences that may compromise the short- or long-
term interests of the Yucca Mountain Site 
Characterization Project (YMSCP). The short-term 
interests include identifying the potential effects 
of diesel exhaust deposits on geochemical moni
toring at sample sites in the ESF; the long-term 
interests include identifying the potential chemi
cal effects of exhaust deposited during construc
tion of a radioactive waste repository. Direct and 
coupled chemical effects, and microbial effects, 
must all be considered. The third consideration 
involved time limitations related to meeting the 
schedule of design decisions. All of these consid
erations are outlined below. 

Chemical Considerations 
The chemical components of diesel exhaust 

include the products of combustion and partial 
combustion of diesel fuel. Perfect combustion is 
unlikely in a real setting; thus, diesel emissions 
may contain a wide range of hydrocarbons. 
Heavy metals, sulfur compounds, and nitrogen 
compounds are also present (see Tables 2.1 and 
2.2). Possible chemical effects of the diesel emis
sions span a wide range. For example, the inor
ganic gases component (carbon monoxide, carbon 
dioxide, nitric oxide, nitrogen dioxide, and sulfur 

dioxide) could increase the acidity of any water 
present. Generally, silicate minerals become more 
soluble with increasing acidity, which may 
increase the porosity of the repository horizon 
rock. The ability of the rock-water system at 
Yucca Mountain to neutralize an increase in acidi
ty from the diesel fuel exhaust is limited; there
fore, local chemical effects may be significant. 
Introduced materials, such as cement, may act 
locally as buffers. If hydrologic connections and 
gradients are sufficient, contaminated water inter
acting with rock and water may affect the compo
sition of water samples collected for geochemical 
analysis at locations far removed from the deposit 
site. As another example, diesel fuel exhaust con
tains elemental carbon as particulate matter, and 
uncombusted or partially combusted organic 
components. Some of these exhaust components 
and the products of their degradation over time 
may have the potential to be involved in 
organometallic complexes and in the formation of 
colloids. These possibilities are being investigated 
under separate activities of the Introduced 
Materials Task.* 

To predict the potential occurrence of the 
effects described above, we must have an exact 
understanding of the chemical components of 
diesel fuel and its combustion products. Many 
studies attest to the variability of diesel emissions 
with engine load and engine efficiency (e.g., Kha-
tri et al. 1979). These factors are not known for 
the present study, either for the N-Tunnel equip
ment or for the intended use in the ESF. Our 
assessment of the literature found very few analy
ses of the chemical components of diesel fuel 
emissions that were either complete or detailed 
enough to suit the present needs of the Intro
duced Materials Task. Furthermore, a database 
adequate for the simulation needs of the Intro
duced Materials Task has not yet been developed. 
The simulations presented here should therefore 
be considered more of a method of systems 
analysis than a realistic simulation of chemical 
behavior in a repository or mining drift environ
ment. The rarity of complete chemical speciation 
data is understandable for a number of reasons. 
First, the need for complete chemical speciation 
information, which is often time-consuming and 
costly, has not been apparent. For regulatory pur
poses, for example, incomplete speciation or 

*For the status of the Hydrous Pyrolysis of Diesel Fuel investigation, see Jackson and Carroll (1994); for the status of 
the Colloids investigation, see Meike and Wittwer (1994); and for the status of the Organometallic Complex investi
gation, see Meike (1994). 
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elemental analyses (e.g., Tables 2.1 and 2.2) are far 
more common. Second, as discussed in Sec. 3, the 
chemical composition of diesel fuel emissions is 
expected to vary as a function of many factors 
and is therefore case-specific to the particular 
study type. 

Environmental safety and health (ES&H) 
standards for tunnel environments can be used to 
estimate maximum concentrations of some diesel 
exhaust components (particularly those known to 
be carcinogens) as a function of diesel use brake 
horsepower (BHP). An analysis of this type was 
conducted before initiating the present work 
(CRWMS M&O Contractor 1993; see Tables 2.3 
and 2.4). However, chemical components of con
cern for health and safety standards may not be 
identical to those significant to the long-term sta
bility of radioactive waste packages. In addition, 
the relation between the chemical composition of 
diesel emissions and the composition of a solid 
deposit is not clear. Furthermore, in a mining 
environment such as N-Tunnel or the ESF, the 
more complex chemical relations between diesel 
emissions and rock powder, such as the conden
sation or sorption of diesel exhaust constituents 
onto particles of rock dust, also require elucida
tion. Thus, the value of the calculations of the 
CRWMS M&O Contractor (1993), which reflect 
the data in the literature, is limited. 

Chemical Mobility Considerations 
Studies of soil contamination indicate that the 

hydrocarbon components of diesel fuel have 
varying degrees of mobility (see Table 2.5). We do 
not expect to be able to apply these numbers 
directly to the tuffaceous rock unit of the present 
study. However, we expect that the hydrocarbon 
components of diesel deposits may not migrate 
into the rock as a single front, and perhaps rela
tive mobilities may be similar. To this end, studies 
should be conducted to evaluate chemical compo
sition with depth into the wall of the tunnel. 

Microbiological Considerations 
The potential effect of microbes on the long-

term degradation and corrosion of nuclear 
waste packages has been recognized (Bachofen 
1991; Birch and Bachofen 1990; Gadd 1990; West 
et al. 1985). However, it is less often explicitly 
recognized that microbiological activity could 
modify the chemical environment differently 
than, or at a different rate than, non-microbially 
mediated chemical reactions. Thus, the design of 
a radioactive waste repository must determine 

Table 2.1. Emission factors for diesel engines. 

Emission factor 
Type of emission (lb/1000 gal) 

Aldehydes 10 
Benzo(a)pyrene 0.4 g/1000 gal 
Carbon monoxide 60 
Hydrocarbons 180 
Oxides of nitrogen 222 
Oxides of sulfur 40 
Ammonia Not available 3 

Organic acids 31 
Particulates 110 

Source: American Industrial Hygiene Association 
1972, p. 23. 

a 2 lb/1000 gal for gasoline engines. 

whether microbialry mediated chemical reactions 
may significantly modify predicted chemical 
reactions that are based on non-biochemical con
siderations alone. As for any study intended to 
determine the potential significance of standard 
chemical reactions, we must understand the bio
chemical cycling of elements, especially the inter
actions between microbiota and materials 
introduced into the near-field environment. 
Unlike these standard reactions, the survival and 
environmental sensitivities of the microbial popu
lations also affect reaction rate. 

Table 2.2. Estimated diesel contaminant emis
sion rates. 

Emission rate 
(lb/short ton, 

Contaminant fuel burned) 

Particulates 
Oxides of sulfur 
Oxides of nitrogen 
Acids (e.g., acetic) 
Aldehydes (e.g., formaldehyde) 
Other organics 
(including hydrocarbons) 

34 
10 
49 
10 
5 

Not available 3 

Source: American Industrial Hygiene Association 
1972, p. 21. 

a 141 lb/short ton for gasoline engines. 
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Table 2.3. Compendium of diesel exhaust constituents. 

Source 
DPM a 

CO(%) HC(%) NO(%) N 0 2 ( % ) C0 2 (%) S0 2 (%) (mg/m3) 

Alcock (1977) 0.07 

Hartman (1992) 0.02-0.15 

Williams et al. 
(1987) 0.02-0.25 

Dainty et al. 
(1986) 0.03 

Watts (1987); 
Steward et al. 
(1976) 0.0-0.01 

Doyle-Coombs 
(1987) 0.0114-0.0513 

McClure (1992) — 

Baumgard and 
Bickel (1987) — 

0.05 0.07 0.01 11.8 

0.003-0.015 0.048-0.054 0.007-0.008 3.0-9.50 

— 0.05-0.10 0.0012-0.002 0.8-1.0 

— 0.07 0.0048 — 0.008 

0.021-0.2b 

75 

Zeller (1990) 

0.0-0.01 0.0-0.0008 0.03-7.0 0.0095-0.0098 96.7-111.6 

0.0225-0.0735 0.0036-0.0084 6.1-7.2 — — 

— — — — 45-118 

— — — — 50-100 

— — — — 4-115 

Source: CRWMS M&O Contractor 1993. 
a DPM = diesel particulate matter. 

b In wt%. 

Table 2.4. Worst-case scenario* diesel exhaust constituents. 

CO HC NO N 0 2 C 0 2 S02 DPM 

Highest value 

fts/bhp-hr 0.486 

m3/kW-hr 0.0185 

Product produced per bhp-hr 

ppm c 48.6 

ppm e 38.9 

H z O vapor: 

0.216 kg/bhp-hr 

0.097 0.194 0.0162 22.9 0.0194 649.6 b 

0.0037 0.0074 0.0006 0.8696 0.00074 (484.4) b 

9.7 19.4 1.6 2290 1.9 2 . 3 d 

7.8 15.5 1.3 1832 1.5 1.8 d 

Source: CRWMS M&O Contractor 1993. 
a Results from the assumptions BSFC = 0.48 lb fuel/bhp-hr, SLF = 60%, and CPE 20% above high average, 

where BSFC = brake specific fuel consumption, SLF = shift load factor, CPE = concentration products of exhaust, 
b In mg/bhphr (mg/kW-hr). 

c Concentration in underground atmosphere with dilution rate of 100 cfm/bhp, where cfm = cubic feet per minute. 
d In mg/m 3 . 
e Concentration in underground atmosphere with dilution rate of 125 cfm/bhp. 
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Chemical 
Solubility in water, 

S w (mg/L) 
Retardation coefficient/ 

Low mobility (Rd > 100) 
Fluorene 
Phenanthene 
Pyrene 
Benz anthracene 
Benzo(a)pyrene 
Fluoranthene 

Medium mobility (100 > Rd > 10) 
Napthalene 
Dimethylbenzene, l,3-(m-xylene) 
Dimethylbenzene, l,4-(p-xylene) 
Dimethylbenzene, l,2-(o-xylene) 
Ethylbenzene 
Toluene 

High mobility (Rd < 10) 
Benzene 
Quinoline 
Cresol (m-) 
Cresol (p-) 
Cresol (o-) 
Phenol 

1.9 
1.6 
0.16 
0.0057 
0.0030 
0.265 

31 
160 
200 
180 
150 
520 

1800 
60,000 
26,000 
25,000 
26,000 
67,000 

1097.2 

24,601 
67,801 

87.94 
60.91 
54.39 
23.26 
53.92 
30.40 

8.80 
5.16 
4.78 
4.21 
2.32 
2.09 

Source: Calabrese and Kostecki 1991. 
a Retardation coefficient represents the rate of migration of the chemical constituent 

groundwater (e.g., Rd = 100 indicates constituent moves 100 times slower than water) 
used to determine RA: fugacic oxygen capacity = 0.01, porosity = 0.35, bulk density = 1. 

in comparison with that of 
The following values were 
.5 g/cm3. 

Table 2.5. Mobility of distillate oil constituents. 

Geological and technological similarities 
between the Rainier Mesa N-Tunnel and the 
Exploratory Studies Facility suggested that micro
biological investigations in the former location 
could provide analogs in two important areas of 
interest to the YMSCP: (1) microbial effects and 
(2) microbial sample collection protocol. In previ
ous studies, Rainier Mesa provided an opportuni
ty to sample for autochthonous subsurface micro
biology at depth from extant tunnel systems and 
to avoid the costs and concerns associated with 
drilling operations (Amy et al. 1992; Haldeman 
and Amy 1993; Haldeman et al. 1995). Viable 
microbes have been recovered from depths to 
450 m in the volcanic tuffs of Rainier Mesa (Amy 
et al. 1992; Haldeman and Amy 1993; Haldeman 
et al. 1993; Kieft et al. 1993). 

In the present study, we consider the impact 
of human intervention. Perturbations of natural 
conditions increase the abundance and stimulate 
the activity of subsurface microbial communities 
simply because physical redistribution of materi
als may make compounds essential for bacterial 
resuscitation or growth more available to the 
microbial populations (Brockman et al. 1992; 
Fredrickson et al. 1995; Haldeman et al. 1994, 
1995). In addition to the autochthonous popula
tions, microbial populations are expected to be 
transported into a tunnel environment through 
the ventilation system and through human trans
port. Substances may be introduced that serve as 
bacterial nutrients or inhibitors (e.g., water, oxy
gen, fuel exhaust). Hydrocarbons and other 
emission constituents are potential sources of 
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nutrients that may result in a microbiological 
plume of preexisting or introduced microbiota. 
Because microbiological activity could modify the 
chemical environment and the rates of chemical 
reactions, it is essential to document the presence 
of microbes that have the potential to use the 
components of diesel fuel. 

Time and Operation Limits 
The samples for this study were obtained and 

analyzed and the data were interpreted within a 
four-month period. The reasons for the time limi
tation are discussed in the Objectives section 
below. The chosen tunnel was open for inspection 
on the first Tuesday of each month. We restricted 
our entry into the tunnel to those days because of 
budgetary constraints. Given the time limitation, 
our sampling mission was limited to a reconnais
sance survey and a sampling expedition, conduct
ed during two consecutive months. During the 
reconnaissance survey, a sampling location was 
chosen, sampling procedures were finalized, and 
tunnel-use information was obtained from staff 
who had a history of work experience connected 
with the tunnel. During the sampling expedition, 
suites of samples were taken for later study. A 
limited water supply and the absence of electrici
ty had a severe impact on our ability to obtain 
rock core samples, which compromised our abili
ty to assess the mobility of diesel components 
into the rock. 

Objectives 

The intention of the proposed investigation 
was to assess samples collected from N-Tunnel at 
the Nevada Test Site, which has experienced 
intermittent use of diesel haulage equipment 
since its construction in 1964. The geochemical 
modeling code EQ3/6 was intended to simulate 
rock-water-introduced material interactions over 
a range of geochemical environments likely to 
occur during construction. Analyses of N-Tunnel 
rock surfaces were intended to provide informa
tion on the penetration of diesel fuel exhaust into 
the repository walls and on the resulting degra
dation or perturbation of the repository rock that 
had been exposed to diesel fuel emissions for an 
extended but unquantified period of time. 

The duration of our investigation was limited 
by the need to provide input for an August 1994 
decision regarding the type of haulage vehicle to 
be used at the ESF. Therefore, the results of this 

investigation are preliminary and limited in 
scope. Because it is likely that this question will 
recur in the context of the actual repository 
design, issues that remain unresolved in this 
study must be pursued by the Introduced Materi
als Task. A secondary function of this work stems 
from the fact that a complete analysis of the 
effects of hydrocarbon exhaust deposits involves 
an analysis of microbial activity. Therefore, we 
tested techniques for sampling microbial cultures 
that will ultimately be developed into quality 
assurance procedures for the ESF. 

The specific objectives outlined below were 
undertaken based on the considerations described 
above. They are discussed in detail in Sees. 3-5, as 
indicated. 

Chemical Assay Objectives (Sec. 3) 
• Identify deposit constituents, if present. 
• Compare measured deposit constituents 

with published exhaust constituent data. 
• Determine the depth to which diesel 

components have migrated into the tunnel wall. 
• Compare chemistry of samples with 

chemical simulations. 
• Identify modifications of wall rock, if any, 

as a function of depth. 

Chemical Simulation Objectives (Sec. 4) 
• Compare results with actual analyses 

from tunnel. 
• Assess the adequacy of the EQ3/6 data

base in the required area. 
• Assess ability to simulate systems con

taining these organic components. 
• Identify future directions for improving 

chemical simulations in this area. 

Microbial Assay Objectives (Sec. 5) 
• Characterize the functional categories of 

species that are growing in association with diesel 
deposits. 

• Compare these populations with what is 
known or can be ascertained about the autochtho
nous population. 

• Assess factors that may affect the poten
tial for survival of diesel deposit-loving microbes 
under intermittent wetting and elevated tempera
ture conditions (e.g., formation of coatings, poten
tial nutrient sources other than diesel). 

• Identify and evaluate diesel fuel compo
nents as nutrient sources for microbes. 

• Identify microbial composition of water 
originating from fractures. 
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• Assess the potential chemical modifica
tions, particularly pH, of water resulting from the 
presence of these microbes. 

• Identify possible chemical environments 
that might promote or hinder the growth of these 
microbes. 

Clearly, time and budget limitations did not 
allow us to address all of these issues. However, 
we find a broad approach to a historical analog to 
be most productive, because characteristics of the 
site will often limit the objectives that can be 
accomplished. 

Reconnaissance Survey of N-Tunnel and 
Resultant Sampling Decisions 

Discussions with NTS staff revealed that the 
main drift of N-Tunnel was excavated in 1964 
with an alpine miner. This drift terminates at the 
water/gas-impermeable bulkhead, just beyond 
19+00 ft (U12n designation: (19 x 100) + 0 = 
1900 ft). Two rock units are designated locally for 
mining purposes as Tbt and Tt2. In this study, 
these designators are useful only to distinguish 
between the nonzeolitized unit Tbt and the zeoli-
tized Tt2. The main drift is excavated through a 
gentle syncline (Tbt), which is located toward the 
opening, and an anticline (Tt2) toward the rear of 
the main drift. The N-Tunnel extension was mined 
in the early 1980s. The entrance was mined with 
an alpine miner. At roughly 2+00 ft, where the 
tunnel boring machine-mined tunnel begins, a 
flat-bottomed floor was excavated for rail with an 
alpine miner. Both tunnels are accessible only on 
foot because they are blocked by wooden barriers. 

Diesel locomotives were used in the main 
drift for hauling equipment and personnel over a 
30-year period. Exact dates and types of use were 
unknown at the time this report was written, so 
we cannot realistically estimate the amount of 
time the tunnel walls were exposed to diesel 
emissions. However, discussions with miners and 
drillers at N-Tunnel and at the ESF revealed a 
number of important details. The locomotives 
emitted exhaust toward the left side of the tunnel 
("left hand" and "right hand" refer to the 
inbound perspective) and close to the floor 
(approximately 6 in. from the tunnel floor). Before 
scrubbers were installed, the exhaust appeared to 
sink to the floor (we assume that the visible frac
tion contained larger soot particles than the post-
scrubbed emission, and that the exhaust gases 
were blown toward the floor). 

The right-hand side of the tunnel is faced 
with lagging that can easily be removed by two 
people and was thus more accessible than the left 
side, on which all of the piping and cables are 
installed. Unfortunately, given the configuration 
of the locomotive exhaust system, the diesel 
deposit would be most likely to accumulate on 
the left side of the tunnel. The obstructions on the 
left side, which include one drainage pipe at floor 
level that cannot be removed, impaired our abili
ty to observe potential deposits. These same 
obstructions may also have limited the deposition 
of diesel deposits on the wall. However, this pre-
scrubber type of emission may have produced 
what appears to be an intermittent band of dark-
colored deposit along the left side of the tunnel. 
The varying density of the deposit at any specific 
location would have depended on the idle time of 
the diesel-powered vehicle and on the presence of 
obstructions. 

At a time that could not be recalled by the 
NTS staff, scrubbers were installed onto the 
exhaust systems of the vehicles because of air 
quality concerns for miners working in the tun
nel. The scrubbers consisted of tanks filled with a 
common laundry detergent through which the 
diesel exhaust was bubbled. At present, the com
ponents that would have been removed or modi
fied by the scrubbers have not been identified. 
According to witnesses, soapy water from the 
scrubbers frequently formed large pools on the 
tunnel floor. As will be discussed later with 
respect to the microbial assay, the biota observed 
on the tunnel floor may have been radically 
affected. 

With the installation of the scrubbers, accord
ing to eye witnesses, the exhaust appeared to be 
dispersed upward and to fill the air in the tunnel. 
Here, it seems that although the scrubbers may 
have reduced the total fraction of particulate mat
ter, the scrubbing also served to disperse the 
emissions over a larger air volume. The implica
tion for our studies is that the mechanism for 
dispersal and thus the type and location of 
deposits are affected and to some extent deter
mined by the exhaust/emission system. A request 
was made to determine the approximate date that 
scrubbers were installed and thus the actual 
deposition period that might be attributed to the 
dark band observed on the left wall. However, 
this information was not obtained by the deadline 
for completing this report. The dates of scrubber 
installation and of the use and operation of the 
diesel-powered vehicles within the tunnel, if 



obtained in the future, will give us a better 
perspective on whether the results of this report 
are applicable to the ESF or to a radioactive waste 
repository. 

The following features, observed between 
9+00 and 19+00 ft within the main drift, were of 
particular interest to the Introduced Materials 
Task but were not found in association with the 
dark deposits deemed most likely to contain rem
nants of diesel exhaust. 

• "Mine Guard," a sprayed resin coating 
used to consolidate the rock wall, was visible on 
the right wall. A combination of Fibercrete, rock-
bolt, and shotcrete is now substituted for these 
applications. 

• Some areas of the wall have been painted 
with water-based latex paint to increase illumina
tion in the tunnel. This was also visible on the 
right wall. 

• Water seepage was visible overhead. Its 
origin was not visible but appeared to be some
where near the crown of the tunnel. The seepage 
was not extensive enough to contact a location 
that appeared to have the potential to contain 
measurable amounts of diesel exhaust deposit. 

• The area near the bulkhead was covered 
with grout. We have been told that the seal is air
tight. This suggests that the fractures also may be 
extensively filled with grout. 

We considered four locations in the N-Tunnel 
main drift and one location in the N-Tunnel 
extension for various types of sampling. The can
didate locations were as follows: 

Main Drift 
3+40 f i This location, in the nonzeolitized Tbt 

unit, was near the entrance. We were informed 
that diesel-powered locomotives idled here dur
ing warm-up and loading, especially during the 
winter. The left-hand side of the tunnel was not 
accessible, and the right side showed limited evi
dence of carbon deposit. The lack of apparent 
deposit in this location was not surprising 
because of the near-normal ventilation. 

9+00 ft. Access to the right side was better at 
this location because only the lagging needed 
removal, which could be done on the day of sam
pling. The restricted ventilation is also expected 
to have enhanced the prospect of obtaining an 
adequate perturbation resulting from diesel 
exhaust. Furthermore, this location was well 
within the zeolitized Tt2 unit, which, although 
somewhat different mineralogjcally from the 
Topopah Spring Tuff (Tpt), is easier to sample and 

is similar to that previously studied by Haldeman 
and Amy (1993). By restricting our microbial sam
pling to the zeolitized rock units, we were able to 
compare our results with those of previous stud
ies. The carbon deposit may have been covered to 
some extent by dust, but appeared to be limited 
at this location. 

12+40 ft. This location was subject to exten
sive Fibercrete, rockbolts, and wire mesh screen
ing that was said to have been installed after the 
tunnel was opened. These materials were 
installed to consolidate an area that was continu
ally spalling, which may be related to later 
events. The date of Fibercrete emplacement is not 
yet known. 

18+50 to 19+00 ft. This location is the present 
limit of the main drift. It was also an area where 
locomotives idled for extended periods of time. 
The ventilation would have been much poorer 
here than closer to the entrance of the tunnel. An 
approximately 18-in.-wide band of dark deposit is 
evident on the left-hand wall of the tunnel, run
ning close to the tunnel floor. The location is 
accessed by climbing between the pipes. The 
deposit is thick and appears to flake from the sur
face like dried mud. The history of rock spalling 
at this location was not established, so the actual 
age of the deposit is unknown. Sampling this 
deposit would require consolidation and section
ing. We were informed that the gravel floor in 
this section is more recent than that in the rest of 
the tunnel and that the old floor was excavated 
before the present gravel was placed. However, 
the original floor appears to have been preserved 
behind the pipes and could serve as a location for 
floor samples. 

Extension 
2+80 ft The tunnel wall was consolidated 

with rockbolts, wire mesh, and Fibercrete. There 
is a seep in this tunnel farther in than we went. 
However, a band of wall near the floor on both 
sides, roughly 10 inches wide, is damp. The tun
nel on the opening side of the Fibercreted area is 
in the nonzeoUtized Tbt unit. The Fibercreted area 
terminates within the zeolitized Tt2 unit. 

Approach 

The location between 18+50 and 19+00 ft was 
selected as the sampling location because it repre
sented the best combination of historical circum
stances for the accumulation of a deposit and 
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because the darkness and thickness of the 
observed deposit far exceeded the other sampling 
locations. Of general interest to the Introduced 
Materials Task was the litter observed between 
the pipes and the wall at the sampling locations: a 
rubber band, a potato chip bag, plastic cup lids, a 
newspaper, Styrofoam cups, a reclosable plastic 
bag, a screwdriver, and a wooden pole for insert
ing dynamite. No water was observed near the 
sampling site or in direct contact with the diesel 
deposits anywhere in the tunnel, which rendered 
the planned aqueous sampling and analyses 
impossible. 

Samples were taken in the lower four feet of 
the tunnel wall and from the tunnel floor. Micro
bial assay samples (Fig. 2.1) and chemical assay 
samples (Fig. 2.2) were taken at locations adjacent 
to, but at a distance from one another to avoid 
contamination of the microbial sampling. The 
tunnels are not electrified; the lack of a generator 
on the day of sampling severely curtailed our 
ability to obtain core samples. The sample collec
tion, analytical methods, and results of the pre
liminary chemical and microbial studies are pre
sented in Sees. 3 and 5, respectively. A prelimi
nary geochemical modeling exercise is described 
in Sec. 4. 
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Figure 2.1. Sterile sample collection techniques for microbial assay 
described in Sec. 5. 

Figure 2.2. Sample collection for chemical assay described in Sec. 3. 
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3. Chemical Assay of N-Tunnel: Sampling and Data Interpretation 
A. Meike and M. Alai 

The chemical assay described in this section 
provides some insight into the potential chemical 
modifications caused by diesel exhaust deposits 
that might be present in a mining environment. 
The data are also used as the foundation for the 
computer chemical simulations (Sec. 4) and the 
microbial assay (Sec. 5). Various sampling meth
ods were developed for this chemical assay for 
several reasons: (1) only a single opportunity for 
sampling was available; (2) some of the sampling 
methods were in an early stage of development; 
and (3) a wide variety oi analytical methods was 
required, given the chemical components that 
could be present and the mutually exclusive 
nature of some of the collection requirements. 
Considerations that indicated the range of poten
tial chemical species that could be present as a 
result of a diesel exhaust deposit are described 
below. 

Experiment 

Diesel Exhaust Composition 
The compositions of diesel emissions depend, 

in part, on the composition of the original diesel 
fuel, which is a complex mixture of the intermedi
ate distillates from crude oil. A general diesel fuel 
composition is approximately 40% n-alkanes; 40% 
iso- and cycloalkanes; 20% aromatic hydrocar
bons; and a few percent isoprenoids, sulfur, nitro
gen, and oxygenated compounds (Lipkea et al. 
1979). 

At least three kinds of diesel fuel are defined 
in Lipkea et al. (1979, p. 18). The most volatile 
distillate of fuel oil is designed for diesel-pow-
ered car engines. A heavier, less volatile distillate 
of fuel oil is used in industrial and heavy mobile 
service vehicles. The fuel oil intended for low-
and medium-speed engines is the most viscous. 
Of the components in diesel fuels, compounds of 
lower molecular mass tend to evaporate and 
degrade more readily, leaving the higher molecu
lar mass components over time (Lee et al. 1992). 
This observation suggests that more hydrocar
bons will be present in the exhaust deposits of the 
engines that use heavier diesel fuels than those 
that use lighter fuels. The heavier, more viscous 

fuels also produce emissions that contain more 
sulfur and ash. The heavier fuel is expected to be 
used for haulage at the ESF and is assumed to 
have been used in the haulage locomotives in 
N-Tunnel. 

The composition of a given diesel fuel can 
vary from source to source and even from the 
same source over time, depending on several fac
tors, including the source of the crude oil, the 
degree of chemical modification during cracking 
or re-forming, and the separation method. Diesel 
fuels may also contain several "quality enhancer" 
additives—ignition improvers, stability 
improvers, corrosion inhibitors, multipurpose 
additives, and surfactants (Lee et al. 1992). 
Table 3.1 lists two sample diesel compositions 
obtained from the literature. 

A detailed relation between diesel fuel and 
the range of possible combustion products is not 
well established for a number of reasons. First, 
the available analyses of diesel fuel and diesel 
emissions are frequently incomplete and are 
given in units that are difficult, if not impossible 
to compare. Second, factors beyond the original 
composition of the diesel fuel affect the composi
tion of the exhaust emissions. These factors 
include the load the engine is bearing and the 
temperature of the engine. None of these factors 
could be controlled or quantified for the present 
study. 

However, a survey of the literature suggests 
that some organic and inorganic compounds can 
be expected. The diesel exhaust particulate may 
contain metals such as Ba, Mn (Lipkea et al. 
1979); Ca, Zn (Hare et al. 1979); Fe, Al, and S 
(Springer and Baines 1979) that may derive from 
diesel fuel, additives, and engine wear. The 
exhaust may also contain nitrogen oxides and sul
fur oxides (Hare et al. 1979; Lipkea et al. 1979; 
Springer and Baines 1979) that derive from the 
combustion or partial combustion of hydrocar
bons. Table 3.2 compares the polycyclic aromatic 
hydrocarbon (PAH) analyses of diesel exhaust 
particulates from three published reports and a 
broader range organic component analysis of 
diesel fuel. 

It is important to note that the composition of 
diesel emissions, which are widely available from 
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Table 3.1. Hydrocarbon class analysis for petro
leum diesels. 

Compound class 
Sample 1 

(wt%) 
Sample 2 

(wt%) 

Paraffins 42.70 41.70 
Cycloparaffins 

Mono 23.40 18.80 
Di 8.00 9.30 
Tri 2.00 2.80 
Total 33.40 30.90 

Aromatics 
Alkylbenzenes 9.70 8.40 
Indans + tetralins 4.80 5.30 
Dinaphthenobenzenes 1.30 1.10 
Alkylnapthalenes 5.30 7.60 
Biphenyls, etc. 1.30 2.50 
Fluorenes, etc. 0.70 1.10 
Tricyclic aromatics 0.80 1.40 
Benzene (47.00)3 — 
Totalb 23.90 27.40 

Source: Calabrese and Kostecki 1991. 
a In vol. ppm. 
b Not including benzene. 

the literature, may differ markedly from the com
position of an actual diesel deposit. The fraction 
and composition of the emission that actually 
becomes a solid from a liquid deposit depend on 
environmental factors, such as temperature, rela
tive humidity, and the amount of dust in the envi
ronment, as well as engine wear and "tuning." 
Therefore, many of the analyses in the literature 
are inappropriate to the present application. 

Sampling Procedures and Postcollection 
Sample Treatments 

The field sampling was conducted near the 
left rib located at 19+00 ft, in N-Tunnel, which has 
been excavated into Rainier Mesa at the Nevada 
Test Site. In this location, the surface of the tunnel 
is coated with a dark layer that could contain 
components of diesel exhaust. Samples were 
taken in the lower four feet of the tunnel wall and 
from the tunnel floor as shown in Fig. 3.1. Several 
techniques were used to peel the deposit from the 
surface of the rock. Other techniques were used 
to consolidate the surface and attach it firmly to 

the underlying rock. Powder samples were taken 
from the floor between the pipes and the wall, 
and at the contact between the floor and the wall 
where a dark band of material was observed. 
Attempts were made to obtain cores using a bat
tery-powered drill and water as a lubricant. This 
method was less than effective, although a few 
cores were obtained. A large rock weighing about 
30 lb was also removed and transported in one 
piece. The sample collection procedures and any 
postcollection laboratory treatment or preparation 
are described below. Table 3.3 lists the sample 
analysis techniques used. 

Wall Tape Peels. (Bar code SPC00503828) 
Six surface peels were taken from the tunnel wall 
surface. We used a butyl-rubber, inorganic-filler, 
phenolic-resin "air dam" tape made by Schnee-
Morehead to obtain surface peels of the diesel 
exhaust on the tunnel wall. Two pieces of the tape 
were applied side by side to the wall surface. 
These two pieces were then removed and placed 
face to face so that the surface material was pro
tected. The samples were placed in a reclosable 
plastic bag for protection and storage. This 
process was performed two more times for a total 
of six sandwiched samples. The peels were later 
prepared as scanning electron microscope (SEM) 
mounts. One-half of each set of peel duplicates 
was given a carbon coat, and the other half a gold 
coat, in order to differentiate between the chemi
cal signature of the coating (used for imaging 
purposes) and that of the sample. Silver paint 
used along the edge of the mount to increase con
ductivity did not appear to dissolve the tape. 

Wall Paraffin Peels. (SPC00503828) Four 
pieces of paraffin wax (-1/4 in. diam, 2 in. long) 
were pressed lengthwise onto the surface of the 
tunnel wall and were removed with the surface 
material imbedded in the wax. These samples 
were placed in individual plastic bottles to mini
mize alteration of the sample surface. 

Wall-Deposit Filter Particulate. 
(SPC00503828) Borosilicate fiberglass filters were 
cut in half and moistened with Milli-Q water. 
These damp filters were then wiped on the tunnel 
wall surface, which caused the wall surface mate
rial to cover the filter. The filter was then placed 
in a reclosable plastic bag for storage. The filters 
were later dried overnight in an oven at 50°C. 
Four of these samples were taken. 

Wall Deposit Consolidated with Water 
Glass. (SPC00503828) Liquid potassium silicate 
("water-glass") was applied to the surface of the 
tunnel wall with a small artisf s brush to protect 
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Table 3.2. Hydrocarbon components and volatile organics observed in diesel exhaust particulates and 
in d iese l fuel. 

In diesel exhaust particulates In diesel 
Polycyclic aromatic hydrocarbons (ug/km) a' b (ug/km)3'' (ppm) d fuel (ppm) e 

2-Methyl-9H-fluorene NA NA 4171.93 NA 
2-Methylfluorene NA <0.04 0.00 NA 
Dibenzothiophene NA NA 379.27 NA 
Phenanthrene 80.00 29.00 113400.76 1500 
Anthracene 6.90 3.30 33249.05 NA 
4-Methyldibenzothiophene NA NA 4677.62 NA 
3-Methyldibenzothiophene NA NA 1896.33 NA 
3-Methylphenanthrene NA NA 75979.77 NA 
3-Methylanthracene 43.00 30.00 0.00 NA 
2-Methylanthracene 53.00 40.00 84829.33 NA 
4&9-Methylphenanthrene 48.00 48.00 46649.81 NA 
1-Methylphenanthrene 43.00 41.00 59165.61 NA 
Fluoranthene 45.00 17.00 188622.00 ND-37 
Pyrene 54.00 11.00 165865.99 ND-41 
l-Methyl-7-isopropyl-phenanthrene 3.30 NA 2907.71 NA 
Benzo[a]fluorene 8.30 2.40 14032.87 NA 
2-Methylpyrene 11.00 2.00 15802.78 NA 
1-Methylpyrene 6.40 0.75 11630.85 NA 
Benzo[ghi]fluoranthene 5.50 1.50 46776.23 NA 
Cyclopenta[cd]pyrene 3.00 0.18 5689.00 NA 
Benz[a]anthracene 4.10 0.47 20353.98 0.001-1.2 
Chrysene/triphenylene 0.10 2.80 37800.25 1.4/2.2 
Benzo[b&k]fluoranthene 1.10 0.29 21491.78 NA 
Benzo[e]pyrene 1.70 0.15 14032.87 <0.1 
Benzo[a]pyrene NA <0.06 5309.73 0.001-0.6 
Perylene NA <0.01 884.96 NA 
Indeno[l,2,3-cd]fluoranthene NA <0.09 252.84 NA 
Indeno[l,2,3-cd]pyrene 0.076 <0.04 6447.53 NA 
Picene 0.19 0.010 0.00 NA 
Benzo[ghi]perylene 0.26 <0.13 14791.40 NA 
Coronene NA <0.01 2654.87 NA 
2-Methylnaphthalene NA NA NA 6700 
Naphthalene NA NA NA 2730 
Phenol NA NA NA 6.8 
Cresol NA NA NA 54.3 
Quinoline NA NA NA 9.2 
Volatile organics 

Benzene NA NA NA 6-82 
Ethylbenzene NA NA NA 100-800 
Toluene NA NA NA 100-800 
Xylene NA NA NA 100-800 

a The engine was run on a chassis dynamometer. NA = not analyzed. 
k Westerholm and Li (1994), pp. 965-972. (One of eight diesel fuels analyzed, Swedish summer commercial fuel.) 
c Westerholm et al. (1991), pp. 332-338. 
<* Converted to parts per million from the reported microgram amounts. Mason et al. (1992), pp. 1635-1638. 
e Calabrese and Kostecki (1991). ND = not detected. 
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Table 3.3. Analysis scheme for the chemical assay samples collected in N-Tunnel. 

No. of samples 
Analysis 1 Analysis 2 

Sample No. of samples Method Objective Method Objective 

Floor powder 2 FTIR 
SIMS 

Organic 
compounds 

Floor powder 2 XRF Elemental 
analysis 

XRD Mineralogy 

Filter particulate 4 XRF Elemental 
analysis 

Wall cores 2 cores = 
10 samples 

XRF Elemental 
analysis 

FTIR Organic 
SIMS compounds 

Water-glass 1 core = 4 slides Thin sections Mineralogy 
Water-glass 2 cores SEM Elemental/ 

distribution 
analysis 

Tape 6 SEM Elemental 
analysis 

Large wall rock 1 XRD Mineralogy 
Large wall rock 3 Total carbon 

analysis 
Total carbon, 

total inorganic 
carbon 

Paraffin Not scheduled 
for analysis 

Chiseled samples Not scheduled 
for analysis 

the diesel-exhaust-coated wall surface from alter
ation during sampling and analysis. Three sur
faces (each ~2 in. diam) were covered with the 
liquid and allowed to dry. Several coats were 
applied, and each coat was allowed to dry 
between applications. The rock surrounding the 
three water-glass coatings was chipped away 
from the tunnel wall, and a solid piece of rock 
(~8 in. high, 6 in. wide, and 2 in. thick) containing 
the three coated surfaces was removed. These 
three water-glass samples were later dry cored 
out of the solid piece of rock using a 1.5-in. drill 
bit. These cores were ~1.5 in. in diameter and 
2 in. in length. Cross sections were cut from the 
cores across the deposit and underlying tuff (see 
Fig. 3.2a). SEM mounts were prepared from one-
half of each core for SEM optical and chemical 
analysis. The other half of each core was prepared 
as thin sections for optical microscope analysis 
and ultimately microprobe analysis, as necessary. 

Wet-Drilled Wall Cores. (SPC00503825) Two 
rock cores were obtained by using a 1.5-in. drill 
bit and drilling ~2 in. deep into the tunnel wall. 

Water was used as a coolant to reduce heat gener
ated by the friction between the drill bit and the 
rock. During postcollection treatment, the two 
wall cores were cut in half lengthwise. One-half 
of each core was set aside as a backup, and the 
other half was cut every 0.25 in. down the length 
of the core. This resulted in five 0.25-in. sections 
that represented increasing depth into the tunnel 
wall for each core (Fig. 3.2b). 

Large Wall Rock. (SPC00503828) A portion of 
the wall rock ~2 ft long, 1 ft wide, and 0.5 ft thick 
was removed from the tunnel. A fracture had 
already loosened the rock, so the sample was eas
ily separated from the wall. This rock was cov
ered with the black layer suspected to be diesel 
exhaust. Samples were later taken from the rock 
both by breaking off bulk pieces of it and by 
scraping off surface material. If necessary, this 
rock will be sliced lengthwise to obtain a chemi
cal profile as a function of rock depth. 

Floor Powder. (SPC00503829) Powdered 
material from the tunnel floor was collected into 
glass vials. The first sample was taken on the 
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tunnel floor near the wall. The second sample 
was taken on the tunnel floor at the junction 
between the tunnel wall and floor. 

Chiseled Floor Samples. (SPC00503829) Sev
eral pieces of rock were removed from the tunnel 
floor with a chisel. These samples were placed in 
reclosable bags for storage. 

Analytical Techniques 
A variety of techniques was used to perform 

qualitative analyses on the samples. Several of 
these techniques provided similar information 
that was useful as both cross-checks and backup 
analyses. The samples were analyzed as 
described in Table 3.3. The analytical methods are 
outlined below. 

SEM. A Hitachi S-800 SEM equipped with a 
Kevex 8000 energy-dispersive x-ray spectrometer 
(EDS) was used to perform electron optical imag
ing and spatial-distribution elemental analysis on 
the samples. Each sample was characterized in at 
least 30 places. Data were taken for each area that 
showed new elemental constituents or a particu
larly high or low elemental x-ray energy peak. 

Spurious EDS analyses can be generated from 
two sources. The first potential source is any 
material located on the interior of the sample 
chamber. The second potential source is the over
lapping spectral fingerprint of another element. 
Both of these potential errors were eliminated by 
careful interpretation and use of baseline analy
ses. The samples were analyzed with both gold 
and carbon coatings to maximize the number of 
elements detectable (e.g., to observe trace quanti
ties of Rb, for which the K a peak overlaps the Au 
Lypeak). Analysis was also made of the chamber 
scatter and materials that were included in 
preparing the sample. Figure 3.3 illustrates an 
analysis of a gold-coated tape mount, which can 
be compared with the data given below to dis
criminate between actual elemental spectra gener
ated by the sample and those generated by other 
sources. 

Attempts to use x-ray mapping on the sam
ples for the heavy elements of interest produced a 
very low signal-to-noise ratio. Backscatter imag
ing, which is sensitive to atomic number Z, 
proved to be a more valuable technique to search 
for heavy metal components. The elements with 
higher Z values appear brighter in the image. 
Particulates that showed contrast differences in 
the backscatter image mode were analyzed. 

Fourier Transform Infrared (FTIR) Spec
troscopy. FTIR spectroscopy was used to deter

mine the organic, NO x , and SO x compounds. 
Because traces of organic hydrocarbons are pre
sent everywhere in the environment, including 
the laboratory in which they are analyzed, sam
ples can be easily contaminated in handling and 
preparation. The local contamination effects of 
hydrocarbon contamination of optical surfaces of 
the spectrometer are minimized by normalizing a 
reference spectrum to the sample spectrum. The 
reference spectrum, however, is not taken con
temporaneously with the sample spectrum and is 
usually used for a series of samples. Long-chain 
hydrocarbons are characterized in FTIR by 
absorption bands at 2926 and 2855 cm - 1 . These 
bands arise from the stretching of methylene 
group (-CH 2) C-H bonds. The detection limit for 
hydrocarbons is at best 500 ppm; a typical limit is 
1000 ppm. 

A Secondary Ion Mass Spectrometer (SIMS). 
We used a SIMS to detect aromatics. A small por
tion of the sample was heated at 20°C/min. Long-
chain hydrocarbons have characteristic fragment 
ions at 43, 57, and 71 amu in their mass spectra. A 
realistic detection limit for hydrocarbons using 
SIMS is believed to be ~1000 ppm. 

X-Ray Fluorescence Spectrometry (XRF). We 
used XRF conducted with a Siemens 303 wave
length dispersive spectrometer, to perform ele
mental analysis. A qualitative scan for each sam
ple was processed using the fundamental para
meters method to give semiquantitative results. 
This method can have errors up to 30% relative to 
reported weight percent values, but results are 
usually accurate to 10% relative. However, 
because the method used only one standard, and 
not in the same medium as the sample, the more 
conservative 30% error bars are used in our 
analysis of the data. Table 3.4 lists the detectable 
elements and their respective minimum reporting 
limits. Therefore, although the results for each 
element are given in three significant figures, the 
minimum detection level is much higher: 0.01% 
at best, but typically 0.03%. The significance of 
these detection limits to the present study will be 
discussed in the Results subsection of this section. 
Because the results are corrected for background, 
negative values may appear for some elements. 
Elements lighter than Na are not included, so the 
results of a given analysis may not add to 100%. 

X-Ray Diffraction (XRD). We used XRD to 
determine the mineralogy of the samples. All of 
our studies used Cu K a radiation. In combination 
with an elemental analysis, XRD assists in deter
mining whether the elements detected through 
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Table 3.4. Concentrations below which elements 
were not detectable by XRF. 

Concentration Concentration 
Element (wt%) Element (wt%) 

F 0.3 Fe 0.04 
Na 0.03 Co 0.02 
Mg 0.02 Ni 0.02 
Al 0.04 Cu 0.01 
Si 0.05 Zn 0.01 
P 0.05 Ga 0.01 
S 0.02 Ge 0.01 
CI 0.02 As 0.02 
K 0.02 Se 0.01 
Ca 0.03 Br 0.01 
Sc 0.05 Rb 0.01 
Ti 0.04 Sr 0.01 
V 0.03 Y 0.01 
Cr 0.03 Zr 0.01 
Mn 0.03 Sm 0.05 
Nb 0.01 Gd 0.06 
Mo 0.01 Dy 0.03 
Rh 0.02 Hf 0.04 

Ag 0.03 Ta 0.04 
Cd 0.03 W 0.04 
In 0.05 Pt 0.02 
Sn 0.06 Au 0.02 
Sb 0.12 Hg 0.02 
Te 0.1 Tl 0.02 
Cs 0.1 Pb 0.03 
6a 0.12 Bi 0.03 
La 0.08 Th 0.02 
Ce 0.05 U 0.02 
Nd 0.05 

determined by titration of C O z from an acid 
digest of the sample, and TOC was determined 
by subtraction of carbonate carbon from total car
bon. The detection limits for both total carbon 
and carbon present as carbonate are a few parts 
per million. 

Results 

XRF was the most useful technique for 
obtaining the inorganic analyses of the samples. 
The raw results, given in weight percent of sam
ple, were converted to moles per kilogram of 
sample for chemical modeling (Sec. 4). In the 
absence of multiple core samples of respectable 
length, the data are sparse with which to interpret 
the potential mobility of any chemical species. 
However, these results can be viewed as a prelim
inary exercise to steer further investigations, and 
as a tool to assess our various sampling methods. 
An approximation of possible chemical trends 
within the first few inches of the tunnel wall as a 
function of depth was obtained from a composite 
of the analyses. An analysis of the pure deposit, 
labeled wall deposit (WD), was plotted with the 
analyses of the core samples (WC1 and WC2) and 
filter samples (F1-F4). As a consequence, the x 
axis is not plotted to a scale directly proportional 
to depth in the rock but is greatly expanded 
toward the wall surface. The data cluster around 
four different magnitudes and, for clarity, are pre
sented on four figures on different scales 
(Figs. 3.4-3.6). 

In Figs. 3.4-3.6, the filter analyses were plot
ted to correspond with the core surface, labeled 
surface (S). By comparing the filter and core sur
face analyses with each other and with the trend 
of values with depth, we can assess the two sam
pling methods for each element at that location. 
These two methods yielded less accurate analyses 
of some elements at the "surface" level because 
the water used in core drilling removed much of 
the surface deposit on the cores, and the chemical 
composition of the filter fiber is included in the 
filter analyses, which may also favor more soluble 
components. For example, the filters do not yield 
good results for Na or Ca, but they yield results 
that are much more consistent with other data for 
the analyses of elements such as Cu, Al, and Cr. 

Subtle chemical trends with depth can be 
seen for Ca and S, and may be indicated for Ti, 
Na, and CI (Figs. 3.4-3.6). These results would be 
consistent with a tunnel respiration cycle created 

other analytical methods are mineralogical com
ponents of the rock or originate from another 
source, such as diesel exhaust particulate. 

Total Carbon (TC) and Carbon Present as 
Carbonates. To determine total organic carbon 
(TOC), we measured TC and carbon present as 
carbonates. Total carbon was determined with a 
Leco induction furnace. Carbonate carbon was 
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by the excavation of the tunnel system. The water 
migration to the tunnel wall and evaporation at 
the wall could have resulted in the net transporta
tion of dissolved chemical species and precipita
tion of secondary minerals at the tunnel wall. In 
this investigation, the core analyses 3-5 are taken 
as representative of the average rock chemistry 
and its variability. However, upon further study, 
in which samples are taken at greater depth, it 
may become clear that the entire sample area rep
resents a chemically altered zone created by the 
excavation of the tunnel drift. Comparison of 
XRD spectra of the rock matrix and the surface 
coating (Fig. 3.7) suggests that a major constituent 
of the surface deposit is pulverized rock. Heavier 
mineral constituents of the rock matrix, such as 
quartz and feldspar, have a reduced intensity in 
the surface deposit, which is consistent with an 
airborne rock powder composed of the less dense 
rock constituents. Mineral constituents of the sur
face coating that are not repeated in the rock 
matrix were not evident. No gypsum was detect
ed using the heating method to detect the gyp
sum -» anhydrite transition. 

A general comparison between the chemistry 
of the surface deposits and the interior rock is 
more illuminating at this preliminary stage of our 
understanding of the complex system of tunnel, 
rock, and introduced materials. 

Certain elements were observed only in the 
samples obtained from the tunnel surface. 
Although elements such as As, Pb, and Cd are 
present in measurable quantities in some surface 
samples, extreme variability exists from sample to 
sample. This variation suggests that the distribu
tion of these elements within the deposit is spa
tially heterogeneous. Barium, however, appears 
very clearly in the XRF analysis of the wall sam
ple and (together with S) is detected frequently in 
the EDS of samples described below. 

SEM analyses based on backscattered imag
ing (in which elements of higher atomic weight 
scatter more strongly) proved to be the best SEM 
technique for this application. By using EDS, Ba 
was observed most frequently in the tape samples 
(Fig. 3.3), but Pb was not observed. S, Ti, V, Mn, 
and Ni were observed in the surface samples or 
toward the surface edge of the water-glass sam
ples, and not in the host rock. This result is not 
surprising given the low concentrations detected 
using XRF. Occurrences of Ba and S did not coin
cide. SEM analyses of the water-glass cross sec
tions support the observation that Ba particulates 

Table 3.5. Total organic carbon analysis of wall 
surface deposit. Cl-3 are splits of the same 
sample. 

Sample Total carbon Carbonate3 TOC b 

ID (wt%) (wt%) (wt%) 

CI 1.45 0.38 1.07 
C2 1.29 0.39 0.90 
C3 1.55 0.68 0.87 
C5 2.94 1.59 1.35 

a Calculated as carbon, 
k Total organic carbon. 

occur sporadically and in connection with the 
surface deposits (Fig. 3.8). Efforts to map Ba and 
S or other elements in the outer few millimeters 
of the rock surface proved fruitless owing to the 
poor signal for those elements. In FTIR analyses, 
nitrates were detected in the outer portion of one 
sample, but no sulfates were detected. 

The above analyses are unable to detect ele
mental carbon, assumed to be one of the major 
constituents of diesel particulate matter (DPM), or 
hydrocarbons. 

Total organic carbon analysis of the wall sur
face deposit clearly shows that a significant 
amount of carbon is present in forms other than 
carbonate (Table 3.5). By comparing the analysis 
of the three splits from one sample (CI, C2, and 
C3), we can estimate the analytical error inherent 
in this technique. Analyses of the wall rock as 
a function of depth show a distinct trend. It is 
clear that the organic carbon constituent that 
appears in the surface coating (Table 3.5) disap
pears at depth in the rock wall and in the invert 
(Tables 3.6 and 3.7). Although TOC analysis does 
not distinguish between elemental carbon and 
hydrocarbons, infrared data can put a maximum 
value on the hydrocarbons that were present in 
the surface coating. 

Table 3.6. Total organic carbon analysis of floor 
samples (see Sec. 5). 

Total organic carbon (wt%) at 
Sample ID 3-5 cm 6-9 cm 11-14 cm 

Core A 0.75 0.69 0.037 
CoreB 0.64 0.51 0.055 
CoreC 0.67 0.044 0.080 

19 



Table 3.7. Total organic carbon analysis of wall 
samples (see Sec. 5). 

Total organic carbon (wt%) at 
Sample ID 0-1 cm 1-2 cm 2-3 cm 

Wall A 0.082 0.053 0.019 
WallB 0.116 0.026 0.016 
WallC 0.126 0.062 0.028 

Aromatic hydrocarbons were detected in the 
FTIR analyses of the outer core samples (Core 1-1, 
1-2, and 2-1). Figure 3.9 illustrates the FTIR signa
ture of the samples, in the area of the spectrum 
where aromatics are detected, superimposed on 
the background signature. The hydrocarbon peak 
adsorbances (Table 3.8) demonstrate that the sam
ples register roughly three times the background 
measurement. However, this signal was not 
judged to be sufficiently above the detection limit-
to accurately measure a change with depth into 
the rock. Nonetheless, because the FTIR detection 
limit is ~500 ppm, a significant amount of the 
TOC analysis may be due to the presence of 
hydrocarbons. An FTIR analysis of the surface 
deposit is not yet available. SIMS analyses of the 
core surfaces (Fig. 3.9) detected characteristic 
fragment ions for long-chain hydrocarbons at 43, 
57, and 71 amu. Similarly, we observed that 
analyses above the detection limit (1000 ppm) 
support the argument that a portion of the TOC 
analysis can be attributed to hydrocarbons. 

Discussion 

Chemical analyses of diesel emissions from 
the literature, such as the examples given in this 
section and in Sec. 2, are made in a rarefied, ideal 
environment. Few comparisons (if any) are made 
between these ideal analyses and an actual diesel 

Table 3.8. FTIR hydrocarbon peak adsorbances. 

Sample ID 2926 cm"1 2855 cm"1 

Core 1-1 0.0291 0.0158 
Core 1-2 0.0215 0.0116 
Core 2-1 0.0318 0.0179 
Blank KBr 0.0091 0.0054 

deposit in a non-ideal environment. In a non-
ideal environment, factors such as the ventilation, 
the complex chemistry of the depositional envi
ronment, and the engine wear ultimately deter
mine the characteristics of the physical deposit. It 
is therefore instructive to compare the analyses of 
the supposed diesel deposit on the surface of the 
N-Tunnel to analyses from the literature for corre
lations that might point to characteristic effects of 
a tunnel environment. 

From the results of fresh diesel exhaust PAH 
analysis (Table 3.2), one could expect a far higher 
concentration of aromatics in the diesel deposit 
than was actually observed by FTIR or SIMS. We 
suggest that these aromatic components were 
either never deposited on the tunnel wall (but 
were in fact removed through the tunnel ventila
tion system, or deposited on the tunnel floor), or 
that they were deposited, but were volatilized or 
consumed by microbial activity during the inter
vening 30 years. Hydrous pyrolysis experiments 
(Jackson and Carroll 1994) suggest that the chemi
cal degradation of diesel fuel by abiotic process is 
very slow. 

Without more specific elemental analyses of 
the actual diesel particulate matter, it is impossi
ble to compare the inorganic components. Indeed, 
because much of the metal component is sup
posed to be due to engine wear, much of the ele
mental composition is extremely site-specific. 
However, all of the metals that were observed 
would be expected from diesel emissions. The 
observation of nitrate compounds and sulfur sug
gests that further investigation is required as to 
the fraction of volatile compounds that condense 
and ultimately form solid deposits in a tunnel 
environment. 

The observations made in this study must be 
considered in light of the fact that the actual 
usage history of the tunnel is unknown at this 
time. However, during the tunnel's 30-year histo
ry, improvements have been made in emission 
standards, dispersion of emissions, and ventila
tion standards. Therefore, if usage of hauling 
locomotives in the ESF is comparable to that in 
the N-Tunnel, then over a similar time period and 
for comparable usage, we expect diesel emissions 
should have less evident chemical consequences 
than we observed in N-Tunnel. Detailed compar
isons of locomotive usage should be conducted to 
verify this assertion. Further complications and 
coupled effects are considered in the concluding 
remarks (Sec. 6). 
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Conclusions 

Evidence that any inorganic and hydrocarbon 
components could have migrated into the rock is 
not available owing to inadequate core samples. 
The apparent migration of inorganic components 
could only be tracked for a few centimeters. 
However, significant chemical differences were 
observed between the surface layer and the rock 
at 2-3 cm depth. Of the inorganic elements whose 
concentrations change with depth, Ba and S are 

the most significant with respect to their possible 
association with diesel emissions. Other metals 
commonly associated with diesel emissions, such 
as Pb, As, Mn, Mo, Bi, and Cd, also occurred in 
measurable quantities, however. The TOC in the 
first few centimeters of rock drops sharply. This is 
reflected in the FTIR and SIMS analyses, in which 
hydrocarbons were measured in the outermost 
portions of the core samples. Other remarks are 
postponed until the remaining data are presented 
in the sections that follow. 
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Figure 3.1. Relative location of samples taken for chemical analysis at station 19+00, 
left wall, N-Tunnel, Rainier Mesa. 
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Figure 3.2. Sample preparation techniques, (a) Cross section of prepared water-glass consolidated 
sample, (b) Sample preparation for cores. 
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Figure 3.3. (a) SEM EDS analysis of a gold-coated deposit sample collected on "tacky tape," which 
contains 6a and S. (b) Baseline analysis of a gold-coated tacky tape mount. 
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Figure 3.4. Possible chemical trends of (a) Fe, Ca, and Si (y-axis scale: 0-1.6 mol/kg), (b) Al and Cr 
(y-axis scale: 0-0.2 mol/kg), (c) K and Ba (y-axis scale: 0-0.2 mol/kg), and (d) Na and CI (y-axis scale: 
0-0.06 mol/kg) within the first few inches of the tunnel wall as a function of depth. WD (wall 
deposit) represents the analysis of the surface deposit, which was extremely variable, but roughly 
3 mm thick. WC1 and WC2 represent data from core samples, and Fl-4 represent data from filter 
samples. 
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Figure 3.5. Chemical trends of (a) S and Ti (y-axis scale: 0-0.2 mol/kg), (b) Zr, Sr, and Ni (y-axis scale: 
0-0.01 mol/kg), (c) Zn and Nb (y-axis scale: 0-0.002 molal), and (d) Y and Rb (y-axis scale: 0-0.005 
mol/kg) within the first few inches of the tunnel wall as a function of depth. WD (wall deposit) rep
resents the analysis of the surface deposit, which was extremely variable, but roughly 3 mm thick. 
WC1 and WC2 represent data from core samples, and Fl-4 represent data from filter samples. 
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Figure 3.7. Comparison of XRD spectra, which suggests that the less dense mineral constituent of the 
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Figure 3.8. SEM backscatter image photomicrograph 
of a water-glass sample, showing bright Ba particu
lates that occur sporadically and in connection with 
the surface deposits. 
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4. Geochemical Modeling of the Interaction between 
Repository Tuff, Water, and the N-Tunnel Deposit at 150° C 

W. L. Bourcier, A. Meike, and M. Alai 

The EQ3/6 Geochemical Modeling Package 
was created to model the complex chemical inter
actions between water and rock that can occur 
over time as a function of changing environmen
tal conditions. For discussions of the basis for and 
development of the code, refer to Wolery (1979, 
1983,1992a, and 1992b) and Wolery and Daveler 
(1992). The Yucca Mountain Site Characterization 
Project (YMSCP) is sponsoring the development 
of this package to comply with regulations that 
require knowledge of repository chemistry 
through a period of 10,000 years. One mandate of 
the YMSCP Introduced Materials Task is to evalu
ate the ability of the code and its database to pro
vide for chemical interactions between materials 
that have been introduced into the repository as a 
result of its construction and operation, and host 
rock, groundwater, waste forms, waste form pack
aging, and all other repository materials present. 

The approach of the present exercise is to 
investigate the effect of N-Tunnel diesel exhaust 
deposits on the chemical reactions between the 
rock wall and host groundwater. This chemical 
simulation exercise does not show development 
of the rock and deposits sampled in N-Tunnel. 
Rather, it evaluates our ability to simulate the 
interaction between diesel exhaust deposits such 
as the N-Tunnel deposits and repository rock. To 
do this, two chemical simulations were per
formed using the EQ3/6 modeling package. The 
first simulation is that of the interaction between 
a model Topopah Spring Tuff and a model J-13 
water. The second is the interaction between a 
model Topopah Spring Tuff, a model J-13 water, 
and a model soot deposit based on the N-Tunnel 
deposit analysis described in Sec. 2. A comparison 
of the two simulations is used to determine the 
potential for major chemical effects of the reac
tions of soot on rock-water-repository materials 
interactions in the repository. Some of the para
meters are not strictly representative of the pro
posed repository environment but were chosen 
for the ease of this preliminary evaluation. A sin
gle temperature of 150°C was chosen for this ini
tial calculation to represent an elevated tempera
ture scenario. 

This evaluation has exposed the need to 
expand the modeling capabilities as well as the 

database. Some of these needs are currently being 
addressed at LLNL by the Geochemical Modeling 
Task. The other needs are being addressed by the 
Introduced Materials Task. 

Modeling Parameters 
The EQ3/6 geochemical modeling package is 

a collection of FORTRAN computer codes 
designed to be used in succession. The first major 
chemical modeling code, EQ3NR, is an aqueous 
phase speciation code. Speciation refers to the 
equiHbrium distribution of a variety of aqueous 
species and complexes containing a given ele
ment. For a given elemental solution composition, 
EQ3NR calculates what fraction of each element 
exists in each of several possible aqueous species. 
For example, Na may be present as free sodium 
ions (Na +) or as complexes of sodium such as 
N a S 0 4 - or N a H C 0 3 . EQ3NR calculates the frac
tion of Na in each of these possible species and 
the mineral saturation states of all relevant solids 
present in the database. The solution speciation 
calculation is needed to do the latter calculation. 
EQ3NR also provides as output a section of the 
input file needed for EQ6. 

EQ6 is the reaction path code. It is used to 
simulate the chemical effects of reactions between 
any set of solid, aqueous, and gas phases over a 
user-defined reaction path. The EQ6 code pro
vides several modeling options that simulate a 
variety of potential reaction paths that may be rel
evant to reactions taking place in the repository 
over time. The two major options are (1) equilibri
um mass transfer and (2) kinetically controlled 
mass transfer. In the first option, the system stays 
in equiHbrium at all points along the reaction 
path. No disequilibrium in terms of mineral dis
solution/precipitation reactions or redox reac
tions is allowed. In the second option, both min
eral and redox disequihbrium are allowed. Both 
options can be combined with open- or closed-
system conditions. In closed systems, all mass is 
conserved; no mass transfer out of the system is 
allowed. In open systems, mass transfer is 
allowed. The open-system simulation present in 
EQ6 allows mineral phases produced during the 
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reaction path to be removed from the system. 
This is equivalent to flowing a packet of water 
along a path through a reacting medium. An 
alternative open system scenario, in which the 
reference frame is that of a rock reacting with 
fluid passing by, is not present in the current ver
sion of EQ6 but will be needed for some future 
modeling work in the Introduced Materials Task. 

Typical input to EQ3NR is the elemental com
position of the aqueous phase and intrinsic para
meters such as pH and Eh, which further define 
the fluid. For the Yucca Mountain site, total con
centrations of elements present in the J-13 well 
water are used along with measured pH. For 
more information on water analysis and geo-
chemical simulation of J-13 water, see Delany 
(1985). Typical output from the EQ3NR module 
includes the activities and concentrations of all 
chemical species and complexes present in the 
fluid model, the degree of electrical imbalance of 
the input fluid composition (used as a check on 
the quality of water analyses), and the mineral 
saturation indices for the above-mentioned speci-
ation model. In practice, the solution composition 
entered into EQ3NR includes trace amounts, typi
cally 1 ppb or less (e.g., A l 3 + ) of all elements pre
sent in the reactants used in the later EQ6 simula
tion). Trace amounts are included because when 
EQ6 first reads the thermodynamic database, it 
excludes any species (solids, aqueous, or gas) that 
are not representative of the elemental component 
set input in EQ3NR. If an element is present in 
the reacting solids that is not present in the fluid, 
the code will not have picked u p the required 
thermodynamic data to simulate its behavior. 

Input required for EQ6 includes (1) the fluid 
speciation model from EQ3NR; (2) all reactants, 
including minerals, gases, aqueous species, and 
special reactant constituents; (3) any kinetic sub
models for each reactant; and (4) system parame
ters such as temperature, pressure, and 
water/reactant ratio. The system parameters 
(item 4) can be specified to change as a function 
of time. In the present simulations, arbitrary reac
tion progress \ is used instead of time as a mea
sure of the amount of dissolved reactant. This 
approach is used because the kinetic models and 
rate laws required to describe reactions in real 
time are not available for reactions involving the 
soot deposit in the rock wall. 

Other user input options are available that 
can have a major effect on simulation results. An 
important option is the ability to suppress mineral 
species because, although they may be predicted 

to precipitate based on their thermodynamic 
properties, they in fact do not precipitate because 
of kinetic inhibition. The information needed to 
make decisions of this sort must be obtained from 
previous observations from experiments or natur
al systems. Suppression of some very stable min
erals and their replacement with metastable ones 
can significantly change the predicted solution 
composition. 

Another important user-defined input 
involves how redox state is calculated for the sys
tem. The redox state can be calculated as a func
tion of reaction process from the data entered in 
the input files. This method is valid if the system 
is truly closed, and no mass enters or leaves the 
system. Alternatively, the system can be main
tained in equilibrium with an external reservoir 
that fixes the redox state at some value. This is 
performed using the fixed-fugacity mode of EQ6. 
For some Yucca Mountain repository simulations, 
it may be most accurate to keep the redox state of 
the system at an oxidized value close to that of 
equilibration with the atmosphere. This is 
because the repository is expected to be in contact 
with air of essentially atmospheric composition 
during much of its lifetime. 

The simulator must make important decisions 
that affect the outcome of the simulation, such as 
suppression of species and the choice of oxidation 
states, discussed above. It therefore requires a sig
nificant amount of chemical knowledge, which is 
used to properly enter the simulation constraints. 
With the selection of appropriate parameters, 
database entries, and submodels, EQ3/6 should 
yield accurate trends and semiquantitative results 
for chemical processes taking place in the reposi
tory. Thus, for the proposed repository, the EQ3/6 
code is ultimately expected to simulate the evolu
tion of solution composition, sources and sinks 
for dissolved species, and local mineral assem
blages as a function of repository history. These 
simulations can provide bounding calculations 
for repository design. 

Modeling Tuff-Groundwater-Rock Deposit 
Interactions 

For simplicity and as an example of the mod
eling exercise, the reaction was modeled as a 
closed system, at 150°C and 4.7 bars pressure. In 
an actual modeling study, cases representing both 
open and closed systems and a range of pressures 
would be considered. The temperature was cho
sen as representative of a potentially more reac
tive condition than ambient temperature, but 
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still well within the range of conditions under 
consideration for a repository design. In addition, 
previously published simulation results exist for 
tuff-groundwater-rock interactions (Delany 1985) 
for comparison. This comparison is made to verify 
that the addition of trace species (see below) had a 
negligible effect on the EQ3NR simulation. The 
vapor pressure is that of pure water at 150°C. A 
physical approximation of the model is as follows. 
A small amount of solid reactant is dissolved into 
a constant volume of aqueous phase of known 
composition. The code then calculates equilibrium 
relations in the aqueous phase and the saturation 
state of potential product phases. Any phases that 
are supersaturated with respect to the aqueous 
phase are allowed to precipitate, and solid phases 
that are no longer in equilibrium are allowed to 
dissolve. At this step, the aqueous phase has 
obtained a new composition, and more of the 
reactant is added to the system. These steps are 
repeated until the denned simulation duration is 
completed (see Fig. 4.1). 

In the present case, two reactants were 
allowed to react with the predefined aqueous 
phase 0-13 water). The two reactants used in the 
present modeling exercise were a standard tuff 
used in previous rock-water simulations for 
YMSCP studies (Delany 1985; also see below), 
and a special reactant including the elements ana
lyzed in the N-Tunnel deposit (see below). The 
special reactant is assumed to dissolve congruent-
ly. This is accomplished in the simulation by 
releasing elements of the special reactant in pro
portion to their mole fraction. The minerals mak
ing up the tuff were reacted according to the tran
sition theory rate law and experimental rate data 
collected for each phase (see Delany 1985). In the 
geochemical model, secondary phases are 
removed from the solution immediately upon 
equilibration, which is equivalent to instanta
neous precipitation. For further perspective on 
the usage and assumptions involving a special 
reactant, see Bruton and Shaw (1987). 

Database. Fundamental to a computer simu
lation that appropriately reflects a complex chem
ical environment are the databases of internally 
consistent thermodynamic and kinetic parame
ters. Evaluation of the modeling package from the 
standpoint of the Introduced Materials Task con
sists of examining these databases for the thermo
dynamic and kinetic parameters of the appropri
ate constituents. A database adequate for the 

simulation needs of the Introduced Materials Task 
has not yet been developed. Therefore, the simu
lations presented here should be considered more 
of a method of systems analysis than a realistic 
simulation of chemical behavior in a repository or 
mining drift environment. 

Summary of Reactants 
Tuff. The Topopah Spring Tuff unit of the 

Yucca Mountain has been considered as a poten
tial rock horizon from which to excavate the pro
posed radioactive waste repository. Table 4.1 
gives the bulk mineralogy of the proposed reposi
tory horizon. 

J-13 Water. Well J-13 is the water-producing 
well from the Topopah Spring Tuff (TPt), which is 
the delegate repository horizon. As such, it is 
assumed to approximate the composition of 
water that may be present within pores in the TPt 
at ambient conditions. This water, or water of a 
similar composition, is used for most rock-water 
laboratory experiments that support YMSCP. The 
values used for this simulation are mean values 
reported by Harrar et al. (1990) in their tables 4.1, 
4.2, and 5.1. Delany (1985) gives further discus
sion of the rationale that supports the usage of 
this water composition. Table 4.2 gives the aver
age chemical analysis of the J-13 water, character
ized by Oversby and Knauss (1983), Knauss 
(1984), and Oversby (1984a, 1984b). 

The composition of this water was modified 
slightly, as described above, to include trace 
amounts of all elements present in the special 
reactant. These modifications to the solution com
position are for computational purposes and do 
not affect the overall solution chemistry. 

Table 4.1 Bulk mineralogy used in the simula
tions of the Topopah Spring Tuff in the pro
posed repository interval. 

Amount 
Mineral (vol%) 

Cristobalite 44.0 
Alkali feldspar 39.0 
Quartz 14.9 
Plagioclase 1.0 
Mg-beidellite 1.0 
Biotite 0.1 

Total 100 
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Table 4.2. Composition of LLNL supply of J-13 
water (pH = 7.6). 

Concentration 
Element (ppm) 

Li 0.042 
Na 43.9 
K 5.11 
Ca 12.5 

Mg 1.92 
Sr 0.035 
Al 0.012 
Fe 0.006 
Si 27.0 
N 0 3 9.6 
F 2.2 
CI 6.9 
H C 0 3 125.3 
S 0 4 18.7 

Special Reactant. When a chemical analysis 
of a reactant is available but a complete break
down of mineral constituents is not, the solids 
can be incorporated into the chemical code by 
means of a "special reactant." This is the present 
case for the rock deposit analysis. A special reac
tant input consists of the elemental analysis com
position in moles. Computationally, a significant 
difference exists in that the simulation will not 
achieve equilibrium when a special reactant is 
included. The input used in the soot simulation 
shown in Table 4.3 is derived from the XRF analy
sis of the N-Tunnel deposit. The amount of mater
ial given in the table is defined as one mole of 
rock deposit reactant in the simulation. 

The redox state of the elements is determined 
by specifying the number of moles of oxygen in 
the reactant. That is, for each element, an oxida
tion state is chosen that is thought to be represen
tative for that element in the rock deposit. An 
amount of oxygen is added to the total for oxy
gen in the special reactant appropriate for that 
oxidation state. For example, an oxidation state of 
four was chosen for manganese, so that for each 
mole of manganese, two moles of oxygen are 
added. This is equivalent to adding Mn to the 
reactants as the oxide M n 0 2 . Until the rock 
deposit is better characterized, estimated oxida
tion states for some elements will be used. The 

Table 4.3. Special reactant input representing 
rock deposit analysis. 

Amount 
Element 3 (moles) 

Na(I) 0.0081 
Mg(II) 0.0124 
Al(III) 0.0987 
Si(IV) 0.8138 
S(VIII) 0.0196 
Cl(-I) 0.0018 
K(I) 0.0907 
Ca(II) 0.3648 
Ti(IV) 0.0110 
Cr(III) 0.0005 
Fe(III) 0.1604 
Cu(II) 0.0013 
Zn(II) 0.0013 
Rb(I) 0.0026 
Sr(II) 0.0066 
Y(III) 0.0005 
Zr(IV) 0.0053 
Pb(II) 0.0102 
C(0) 0.013 

P(III) 0.0003 
Mn(IV) 0.0029 
As(III) 0.0006 
Ba(II) 0.1541 
O 2.7364 
a Roman numerals in parentheses give the effective 

oxidation state assumed for each element in this reac
tant. 

oxidation states are given as roman numerals for 
each element in Table 4.3. The special reactant can 
be thought of as a mixture of oxides and salts that 
have the desired bulk composition. 

Because the rock wall deposit was generated 
at high temperatures in an oxidizing environ
ment, fairly high oxidation states were chosen for 
most elements. In addition, hydrologic modeling 
of the Yucca Mountain site suggests that an excess 
of atmospheric oxygen will be available to oxi
dize reactive reduced species. For these reasons, 
we believe that our fairly oxidized characteriza
tion of the rock wall deposit is justifiable. 
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For the sake of this exercise, the TOC analysis 
was used to estimate the total mole fraction of 
carbon. The carbon was initially present in the 
input file in elemental form (C°) but could be 
involved in reactions to form carbonate. Abiotic 
reactions accounting for this conversion at mod
erate to low temperatures are very slow. Because 
soot comes from incomplete combustion in an 
oxygen-poor environment, these assumptions 
represent an extreme bounding condition for the 
interpretation of the available data, and as will be 
shown below, they have a significant effect on the 
simulation results. 

Suppressed Mineral Phases. The ability to 
suppress minerals from precipitation in the EQ6 
simulation is an essential part of the simulation 
process. Species are suppressed when, for kinetic 
or other reasons, it is clear that the code would 
choose inappropriate minerals for precipitation. 
This is a common occurrence in geochemical 
modeling of low-temperature systems. There are 
numerous phases that commonly only precipitate 
at very high temperatures and pressure (e.g., in 
igneous and metamorphic rocks) but are predicted 
to precipitate in the simulations of low-temperature 
reactions. These include phases such as andradite 
garnet, diopside, and tremolite. However, we 
know from observations of natural systems and 
short-duration laboratory experiments that 
phases such as clays and zeolites form instead. 
Suppression of these phases, when done correctly, 
has led to much better agreement between model
ing results and data both from natural analogs 
and experiments. Table 4.4 lists species suppressed 
in the present simulation. 

Table 4.4. Solids suppressed in simulations of 
tuff + J-13 water, and tuff + soot + J-13 water 
reactions. 

Quartz 
Pyrophyllite 
Talc 
Garnet 
Dolomite 
Chalcedony 
Microcline 

Tremolite 
Wollastonite 
Tridymite 
Hematite 
Diopside 
ZnCr 2 0 4 

Results 
Evaluation of the Database 

The N O x and SO x species described in many 
published diesel emission analyses are not includ
ed in the database because they have not been 
needed until now. This is expected to be the case 
for many species of interest to the Introduced 
Materials Task. Therefore, the LLNL Geochemical 
Task is beginning to incorporate these species into 
a preliminary database for use by the Introduced 
Materials Task. 

Until such data are available, we cannot 
model the interactions between water and a 
diesel emission reactant based on analyses that 
include these gases. The diesel emission analysis 
report (CRWMS M&O Contractor 1993) is based 
on these types of analyses; however, they mea
sure the exhaust emitted from an engine, not the 
solid that is deposited on a rock face. We question 
the utility of such an exercise, since the drifts will 
be ventilated and much of the gas will escape 
during the construction and operation of the 
repository. In time, as the potential for the escape 
of gases into fractures is better understood, mod
eling dissolved gases may become useful. For this 
brief study, we have focused on analyzing the 
actual deposit taken at N-Tunnel. However, the 
sulfur and carbon gases (NO x and SO x species) 
are expected to be very reactive and to affect both 
the pH and the oxidation state of any water they 
contact. Their effects may be at least as important 
as those modeled and described here. 

Another difficulty in applying the EQ3/6 
code to introduced materials is its inability to 
model the long-term degradation of hydrocar
bons, which are metastable but long-lived phases. 
Because EQ3/6 equilibrates at each step, all 
hydrocarbons would disappear in favor of their 
thermodynamically most stable decomposition 
products, generally some combination of 
methane, carbon dioxide, and water. To avoid this 
unrealistic situation, the usual approach is to set 
the breakdown reaction rates to very large values. 
This, however, will become an impractical and 
insupportable assumption for the purposes and 
needs of the Introduced Materials Task. Part of 
the work of the Introduced Materials Task will be 
to develop strategies that will interface with the 
geochemical codes and suit the modeling needs 
in this area. 
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J-13 Water + Tuff 
Figures 4.2 through 4.4 show the results of the 

J-13 water + tuff simulations. Although no kinetic 
rate data were used to determine reaction rates for 
the rock wall deposit, dissolution rates were used 
for the minerals making up the tuff (for example, 
see Delany 1985). For the tuff-water reactions, the 
value of the reaction progress variable log \ = 
-1.8 corresponds to about 16 months of reaction 
time. For the rock deposit reaction, the reaction 
path in the plots corresponds to about 2 g of rock 
deposit reacting in 1 kg of water at a steady rate 
over the 16-month period. This, of course, repre
sents a completely saturated system. In a rigorous 
study, in support of a radioactive repository at 
Yucca Mountain, other modeling scenarios would 
have to be developed for less than 100% saturation. 

Figure 4.2a shows the change in pH as the 
reaction progresses. The pH is fairly constant and 
varies within 0.1 units of pH = 7. Figure 4.3a shows 
the predicted aqueous concentrations of several 
elements, and Fig. 4.4a shows the secondary 
phases predicted to form during the tuff-water 
reaction. These simulations differ from those of 
Delany (1985) in that ours used an updated data
base and our solutions were doped with trace 
amounts of additional elements contained in the 
rock surface reactant. Nevertheless, the results of 
the present simulation have a qualitative, order-
of-magnitude similarity to previous simulation 
results and thus can be used to establish a baseline 
for comparing simulations that include the rock 
surface deposit. Of more interest for the present 
discussion are differences between simulations 
performed with and without rock wall deposit 
present (a vs. b in Figs. 4.2-4.4). These are dis
cussed below. 

J-13 Water + Tuff + Deposit 
Figures 4.2 through 4.4 also show the results 

of the J-13 water + tuff + deposit simulations 
where / 0 2 and / C 0 2 were fixed at atmospheric 
values throughout the iterations of the simula
tions. Figure 4.2 shows that the pH is increased 
significantly by the reaction of the rock deposit. 
This probably reflects hydrolysis reactions involv
ing the metals present in the rock deposit to some 
extent, but more importantly, it reflects the con
version of elemental carbon to carbonate species. 
Because the kinetics of the rock deposit-water 
reaction is not known (including whether, at some 
temperatures, the biologically mediated reaction 
will be most significant), we see this simulation as 
a bounding condition for the chemical analysis of 
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the N-Tunnel deposit and the simulation condi
tions. We believe that the simulations represent 
the maximum possible effect. It is likely that the 
rock surface deposit will be less reactive than we 
have assumed in this simulation. However, anoth
er factor not accounted for is the pH effect of the 
metastable sulfur and nitrogen species mentioned 
above. Their effects on system pH may be more 
significant than the effects modeled here. 

Figure 4.4 shows the predicted concentrations 
of dissolved Si, Na, C, S, and Ca without (4.4a) and 
with (4.4b) the rock deposit present in the simula
tion. The concentrations of silicon and sulfur are 
higher for simulations including the rock deposit 
reactions; the concentrations of carbon and calcium 
are lower; and the concentration of sodium is 
about the same for both simulations. Similar sized 
changes are observed for many of the other 23 ele
ments present. These effects may be important in 
dissolution and corrosion reactions of other reposi
tory materials. For example, borosilicate glass dis
solves faster as the pH is increased (at neutral pH 
or higher) and as dissolved silica is decreased. The 
fluid that has reacted with rock deposit has both a 
higher p H and a higher silica concentration. It is 
not clear without further analysis which of the two 
opposing effects is greater and therefore what the 
net effect on glass dissolution would be. 

Figure 4.4 also shows the secondary phases 
predicted to form without (a) and with (b) the 
rock deposit included in the simulation. Table 4.5 
gives the formulas for minerals predicted to form 
during groundwater-tuff-rock deposit reaction. 
In Fig. 4.4, the horizontal lines corresponding to 
each mineral indicate whether or not the phase is 
predicted to form during the reaction path. These 
paragenesis-type plots therefore show only 
whether each phase is predicted to be present, not 
the amount. Most of these phases are very minor 
in terms of mass produced. The dominant phases 
are calcite (labeled carbonate on the diagrams), 
smectites (both dioctahedral and trioctahedral), 
the zeolites mesolite and stilbite, goethite, and 
antigorite. In the simulations with rock deposit, 
the same phases dominate plus witherite, cerus-
site, and zincite. 

The number of phases is much larger for the 
simulation with the rock deposit included 
because of the greater number and concentrations 
of elements present in the rock deposit reactant. 

Although the simulations predict fairly simi
lar phases whether or not the rock deposit is pre
sent, even minor differences in the predicted 
phases can be significant in terms of radionuclide 



Table 4.5. Names and formulas for minerals predicted to form during groundwater-tuff-rock deposit 
reaction. 

Mineral name Chemical formula 

Alamosite PbSiOg 
Antigorite M g 2 4 S i 1 7 ° 4 2 . 5 ( ° H ) 3 1 
Barite B a S 0 4 

Carbonate CaC0 3 (solid solution with Mg, Mn, Sr, Fe, and Zn) 
Cerussite P b C 0 3 

Ferrite-Zn Z n F e 2 0 4 

Fluorapatite Ca 5 (P0 4 ) 3 F 
Goethite FeOOH 
K-feldspar KAlSi 3 O s 

Mesolite Na 2 Ca 2 Al 6 Si 9 O 3 0 - 8 H 2 O 
Smectite-dia ( c l a y ) ^ a0.165 F e2Alo.33Si3.670lo(OH) 2 

Pseudowollastonite CaSi0 3 

Pyrolusite M n 0 2 

Smectite-tria (ciay) C a 0 . 1 6 5 M g 3 A l a 3 3 S i 3 . 6 7 O 1 0 ( O H ) 2 

Stilbite NaCazAlgSi^O^^HzO 
Tenorite CuO 
Witherite BaC0 3 

Zincite ZnO 
a Smectites are complex dioctahedral 

one calcium end member composition 
(smectite-di) and trioctahedral (smectite-tri) solid solution phases. Only 
is given. 

release from the repository. The types of sec
ondary phases present affect both the sorption 
and the inclusion in solid solution of the radionu
clides in the repository. Some phases, such as zeo
lites, can exchange ions and serve to isolate 
radionuclides such as Sr and Cs. The radionu
clides also may partition in trace amounts into 
some types of secondary phases such as oxides 
and carbonates. Therefore, even what appear to 
be minor differences in mineralogy could have a 
significant effect on the escape of radionuclides 
from the repository. This topic is being investigat
ed in other YMSCP activities. 

Conclusions 

Simulations of reactions between groundwa
ter, tuff, and rock deposit suggest that potentially 
significant chemical interactions are possible 
between the rock deposit and the other repository 
materials. Two major effects have been identified: 

(1) The groundwater pH increases because of 
hydrolysis of the metals contained in the rock 
deposit and oxidation of the reduced carbon in 
the rock deposit. (2) The rock deposit contributes 
several elements to the reacting rock-water-deposit 
system that change the types of secondary phases 
predicted to form. These phases have differing 
abilities to isolate radionuclides from the environ
ment through sorption and inclusion as trace or 
minor amounts in solid solution. The ability of 
the system to contain radionuclides will therefore 
change because of the presence of the reacting 
rock deposit material. The changes in fluid chem
istry because of rock deposit interaction also will 
affect the dissolution rates and corrosion behavior 
of other repository materials such as the spent 
fuel and glass waste forms. 

Our ability to model the rock-water-deposit 
interaction accurately will be improved by 
addressing deficiencies in the database and the 
lack of some key modeling capabilities in the 
codes. The database lacks data on metastable 
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sulfur and carbon compounds, which must be 
included and used in future modeling work. 
Recent improvements to the EQ 3/6 chemical 
code will provide for redox disequilibrium, 
which is almost certainly present and persistent 
for repository time scales. Present modeling 
work has assumed thermodynamic equilibrium 

among all dissolved redox species during the 
reaction path. With these improvements, future 
modeling work, combined with experimental 
work, will be able to better constrain the poten
tial impact of the rock deposit materials on 
repository behavior. 
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Tuff + rock + 
wall deposit 

Mineral 
precipitation 

and dissolution 

Dissolution rate model based 
on arbitrary rate law 

Solid reactants react 
with J-13water 

EQ3/6 reaction path code is 
used to determine mineral 
saturation and aqueous phase 
speciation 

Secondary phases can remain 
in the system or be removed 
from the system 

New solution composition 
is fed into dissolution rate 
model and the rate is adjusted 

Figure 4.1. Use of EQ3/6 to simulate chemical reactions involving 
host rock, groundwater, and rock wall deposits. 
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Figure 4.2. Predicted pH during reaction between (a) tuff + J-13 
water and (b) tuff + J-13 water + rock deposit. 
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Figure 4.3. Predicted dissolved elemental concentrations during 
reaction between (a) tuff + J-13 water and (b) tuff + J-13 water + 
rock deposit. 
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Figure 4.4. Predicted secondary mineral phases forming during (a) reaction between 
tuff + J-13 water and (b) tuff + J-13 water + rock deposit. 
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5. Effects of Diesel Exhaust on the 
Microbiota in a Tuffaceous Tunnel System 

D. L. Haldeman, T. Lagadinos, L. Hersman, and P. S. Amy 

The purpose of this investigation was to bet
ter understand the effect of diesel exhaust on sub
surface microbiota because diesel-powered 
engines may be used during the construction of 
the Exploratory Studies Facility (ESF). Many com
ponents of diesel combustion, such as short-chain 
acids, sulfates, and nitrates (Air Pollution Manual 
1972) and diesel fuel itself, can be used by 
microbes as carbon and energy sources (Atlas and 
Bartha 1992). Thus, the activity of autochthonous 
subsurface microbes (or allochthonous microbio
ta) will probably be altered by the introduction of 
these compounds, and geochemical parameters of 
the environment may be affected. 

Microbiota were sampled from the surface of 
a tunnel wall in an area impinged on by diesel 
exhaust, and cores were obtained from the tunnel 
invert in the same area. The tunnel invert materi
al served as an environment that had been heavi
ly perturbed, by anthropogenic activity since tun
nel construction and by periodic water flux. Fluo-
rescently labeled latex microspheres were used to 
determine the potential for contamination during 
the sampling of the tunnel walls. Numbers of cul-
turable, aerobic, heterotrophic, diesel-degrading, 
citrate-utilizing, sulfate-reducing, and denitrify
ing bacteria were enumerated at all sample loca
tions to determine the abundance of microorgan
isms capable of using diesel fuel and its combus
tion products. Diversity, evenness, total cell num
bers, and abundances of particular microbial 
types were determined from samples taken at 
various depths into the tunnel walls and into the 
invert to discern possible trends in microbial dis
tribution. To determine the potential for diesel 
degradation, we incubated microcosms contain
ing sample materials with diesel fuel and deter
mined the disappearance of total petroleum 
hydrocarbons (TPHs) for each sample. Data 
obtained from previous research in less impacted 
areas within the tunnel systems of Rainier Mesa 
were used to gain insight into probable influences 
of anthropogenic activity on indigenous microbial 
communities, and areas needing further investi
gation were identified. 

Sampling and Sample Locations 
Samples were taken from the left rib of tunnel 

U12n, -500 m from the portal. The ambient air 
temperature was ~13°C. Samples were taken from 
the wall at the height of exhaust pipes of diesel-
burning locomotives and at a location where the 
trains were often left idling. Black deposits could 
be seen on the tunnel wall in this area. Approxi
mately 100 g of rock was taken from wall surfaces 
(-10 x 10 cm in area). Triplicate samples were 
taken from the exposed surface of the wall and at 
depths of ~1 and 3 cm (bar code SPCOO503826; 
Fig. 5.1a). The samples were collected by asepti-
cally chipping rock into sterile containers as pre
viously described (Amy et al. 1992; Haldeman 
and Amy 1993a; Haldeman et al. 1993). Samples 
were rapidly transported in coolers containing ice 
to minimize storage-related effects (Haldeman et 
al. 1995), and microbiological analysis was begun 
immediately upon return to the laboratory (less 
than 6 hr from the time of sample procurement). 

Three surfaces of the tunnel wall, -10 x 
10 cm, were painted with one each of three kinds 
of labeled 1.0-um latex microspheres (Fluorsebrite 
carboxy yellow/green, Polyscience; blue and yel
low/green colored, polystyrene latex surface free, 
IDC, Portland OR). Microbead rock faces were 
located -1 m from the microbiological samples, in 
the same tunnel bed, and samples were taken at 
the same depths and in the same manner as 
described above to determine the potential for 
contamination during sampling (bar code 
SPCOO503827). 

Three floor samples were taken by pounding 
sterile 15-cm core barrels (6 cm diam) into the 
tunnel invert about 500 m from the tunnel portal 
(bar code SPCOO503825). Cores were wrapped in 
sterile foil and transported to the laboratory as 
described above. The core material was extruded 
at the laboratory after first aseptically removing 
the top 2 cm of material. The unconsolidated 
material from the top (3-5 cm), middle (6-9 cm) 
and bottom (11-14 cm) was used for microbiolog
ical analysis (Fig. 5.1b). 

46 



Sample Analysis 
Rock and invert material were aseptically 

ground in sterile mortars and pestles, transferred 
to sterile containers, and homogenized. Then sub-
portions were taken to determine gravimetric dry 
weight, total organic carbon (TOO, TPH degra
dation, and direct bacterial count and to enumer
ate specific bacterial types (culturable aerobic het
erotrophic, sulfate-reducing, and nitrate-reducing 
bacteria and the numbers of bacteria capable of 
using acetate or diesel as a sole carbon source). 

TOC was determined by Galbraith Laborato
ries, Inc. (P.O. Box 51610, Knoxville, TN 37950). 
Total carbon was determined with a Leco induc
tion furnace. Carbonate carbon was determined 
by titration of C 0 2 from an acid digest of the 
sample, and TOC was determined by subtracting 
the carbonate carbon from total carbon. 

Microcosms used to determine TPH degrada
tion were prepared with 5 g of homogenized rock 
and 50 uL of diesel fuel in sealed serum vials. 
Acetone was used to stop the reactions after 30 
days of incubation at room temperature (~24°C) 
and to extract the diesel fuel. Replicate samples 
were sacrificed at time zero to determine extrac
tion efficiencies. Portions of the diesel fuel/ace
tone mixture (0.5 mL) were removed and extract
ed in 100-mL deionized water to separate diesel 
fuel and acetone. The remaining diesel fuel was 
extracted into 1-mLhexane (Sigma). Samples 
were injected into a Hewlett-Packard 5890 gas 
chromatograph [polydimethyl diphenyl (5%) 
siloxanes column (Alltech, RSL-200) with initial 
and final temperature of 50°C and 260°C, respec
tively, and a ramp rate of 15°C/min for 25 min]. 
TPHs were determined by integrating all peaks 
with retention times from 5 to 20 min and com
paring the result with a standard curve. 

Portions of rock were made into 1:10 wt /vol 
slurries with filter-sterilized 0.1% sodium 
pyrophosphate and were shaken for 1 hr at 
~150 rpm. Subsamples of slurry were used to 
determine total counts, culturable aerobic het
erotrophic counts, and most probable number 
(MPN) enumerations of specific microbial types 
(Alexander 1965). 

For direct counts, portions of prepared slur
ries (9 mL) were fixed with 135 uL of filter-steril
ized formaldehyde and 1 mL of filter-sterilized 
noble agar. Smears were prepared by evenly dis
tributing 5-uL portions of fixed slurry into 1-cm-
diam circles drawn on clean glass slides, and 
were air-dried before staining. A 0.01% acridine 

orange solution containing 5 ug /mL 4'-6-diamidi-
no-2-phenylindole (DAPI; Sigma) was flooded 
onto smears and allowed to stand for 2 min. 
Smears were rinsed with approximately 20 mL of 
1M NaCl and deionized H 2 0 (filter-sterilized 
solutions). A drop of oil was placed on smears 
after they were completely dry, and a cover slip 
was added for viewing at lOOOx magnification 
under oil immersion. Twenty fields or 200 cells 
were counted from each smear with a Nikon 
Optiphot epifluorescence microscope fitted with a 
Nikon Fluor 100 lens, a 100-W mercury bulb, and 
UV-B and UV-1A filter blocks. 

To determine numbers of culturable het-
erotrophs, we made serial dilutions of unfixed 
slurry in deionized H 2 0 and spread them onto 
R2A agar plates (Difco; Amy et al. 1992). Shannon 
diversity and evenness indices (Atlas and Bartha 
1992) were determined from R2A spread plates as 
previously described (Haldeman and Amy 1993b; 
Haldeman et al. 1993). One of each colony mor-
photype was selected for purification from wall 
samples, and all colony types were compared to 
determine whether certain bacterial types were 
recovered from more than one replicate or rock 
face. Comparison of colonies by morphotype is a 
reliable method for selecting bacteria from sub
surface tunnel samples that were related at less 
than the genus level (Haldeman and Amy 1993b). 

MPNs of diesel-degrading, sulfate-reducing 
(SRB), and nitrate-reducing (NRB) bacteria were 
determined by using 1000-, 100-, and 10-uL por
tions of slurries to inoculate sets of 5-tube MPN 
media. Diesel degradation MPN tubes contained 
50-uL of diesel added to 5 mL of Bushnell Haus 
broth (Difco) containing 1 m g / L filter-sterilized 
resazurin (Song and Bartha 1990). Tubes were 
considered positive if they turned pink or clear 
with respect to purple controls (Song and Bartha 
1990). Tubes containing SRB medium (Atlas 1993) 
were scored as positive if they were black with 
respect to uninoculated controls. Nitrate-reducing 
bacteria were determined in R2B broth containing 
0.1% K N 0 3 as previously described (Haldeman 
and Amy 1993a). Then 10 uL of slurry and 1:10 
serial dilutions in deionized H 2 0 were struck 
onto slants (five tubes of each dilution) of Sim
mon's citrate agar (Difco), so we could determine 
the MPN of bacteria capable of using citrate as a 
sole carbon source. A color change from green to 
blue indicated a positive reaction. All MPN tests 
were incubated for 30 days at room temperature 
(~24°C) before reading. All incubations were 
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conducted under aerobic conditions, except SRB 
tubes, which were incubated in a reducing atmos
phere (3% H 2 , 5 % C 0 2 , and 92% N 2 ) . 

Samples containing microspheres were a 
septically ground, homogenized, and made into 
1:10 wt/vol slurries with filter-sterilized deion-
ized water. Five-microliter portions of slurries 
were evenly distributed into circles drawn on 
clean slides. The slides were air dried and were 
then viewed and counted as described above for 
direct counting. 

A second purpose of the microbiological sam
pling in Rainier Mesa was to evaluate the sam
pling procedure and tracer analysis for possible 
future use in the microbial studies of the ESF. As 
a result of these prototype tests, we are confident 
that the sampling procedures and tracers analysis 
described in this report can be applied to the ESF 
studies. A detailed procedure (LANL-LS2-DP405) 
is therefore being written to describe the sam
pling procedure and tracer analysis. 

Results 

Enumerations of latex microspheres at the 
three sample depths (Fig. 5.2) indicated that intro
duction of 1-um particles into the tunnel wall by 
sampling procedures was unlikely. All three types 
of spheres demonstrated a strong decrease in 
abundance after the surface sampling face. Statis
tically significant differences were determined 
between the 1- and 3-cm faces as well. 

Figure 5.3 shows direct counts and the num
bers of culturable aerobic heterotrophic bacteria 
recovered from wall and invert samples. Greater 
numbers of total and culturable cells were evi
dent in the core samples (25.8% moisture) than in 
the wall samples (4.9% moisture). Numbers of 
culturable microorganisms (aerobic heterotrophs) 
increased with depth into the tunnel wall 
(Fig. 5.3a) and decreased with depth into the 
invert (Fig. 5.3b). In the invert, the error associat
ed with direct counting was high, probably in 
part because of the autofluorescing nature of the 
rock samples, which precluded the observation of 
trends in total cell counts at sampling depths 
(Fig. 5.3c). However, a decrease in total cell num
ber was seen between the surface wall sample 
and the two subsequent sampling faces 
(Fig. 5.3c). 

The percentage of TOC was significantly 
higher in the invert samples than in the wall sam
ples (Fig. 5.4). Interestingly, TOC decreased into 

both the tunnel floor and the wall. Culturable 
microbial abundance correlated positively with 
TOC (r 2 = 0.71) in the core and negatively (r2 = 0.79) 
in the wall samples with depth. Unfortunately, 
because of the limited scope, we could not take 
more samples to check the significance of this cor
relation. It is important to note that black deposits 
were observed on the face of the tunnel wall but 
not on subsequent rock faces. Although the com
position of the black deposits was not determined, 
if the deposits were elemental carbon (soot), they 
would be reflected in the percent TOC by the 
assay used. 

Differences in diversity and evenness could 
not be demonstrated between invert and wall 
samples, except for the surface wall face, which 
had a lower diversity (2.51) than that in the shal
lowest core samples (3.51). Trends in distribution 
into the tunnel wall or invert were not discerned 
in either invert or wall samples based on diversi
ty and evenness indices (data not shown). How
ever, analysis of one of each individual colony 
morphotype from wall samples demonstrated 
that, although the numbers and patterns of distri
bution of distinct colony types in samples may 
have been similar, the specific colony types recov
ered were often quite different from each other, 
even among replicates of a single sample face or 
depth (Table 5.1). Only 8%, 15%, and 5% of 
colony types recovered from the three replicate 
samples taken within a single wall face were 
found in more than one replicate. The number of 
actinomycete colony types that were recovered 
from the wall samples ranged from 15 to 25, and 
fungi were recovered only from the first two rock 
faces. The numbers of polymer-forming bacterial 
colonies did not show a trend into the tunnel wall 
(four, three, and four types from the surface, 1-, 
and 3-cm faces, respectively), but each polymer-
forming morphotype differed from others in 

Table 5.1. Number of bacterial types that were 
common within a set of replicates. 

Sample faces 
Surface ~1 cm ~3 cm 

Ratio of bacterial types 3 

Percentageb 

4/47 
8 

9/59 
15 

2/41 
5 

a Number of bacterial types found in more than one 
replicate/total number of bacterial types in the three 
replicates. 

b Percentage of bacterial types found in more than 
one replicate. 
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some aspect, i.e., relative polymer production 
and /o r colony color, size, or shape. In the wall 
samples, most colony types were recovered from 
only a single rock face (Table 5.2). Most of the iso
lates that were recovered from multiple rock faces 
were from the 1- and 3-cm faces. 

Table 5.3 gives MPN enumerations of SRB, 
NRB, and diesel-degrading and citrate-utilizing 
bacteria. Most types of bacteria were more abun
dant in invert samples than in wall samples. A 
decreasing trend in distribution in citrate-utilizing 
bacteria with depth was noted in the invert sam
ples; other MPN tests showed no trend. In the 
wall samples, the second face had higher num
bers of citrate-utilizing bacteria and fewer bacte
ria capable of reducing N 0 3 " to N0 2 ~. 

MPN enumeration demonstrated that more 
bacteria capable of degrading diesel fuel were 
present in the invert samples than in wall sam
ples (Table 5.3). No statistically significant trends 
in distribution were noted into the invert or into 
the tunnel walls. However, the existence of a 
trend in the invert cannot be ruled out because all 
samples exceeded the upper detection limit of the 
test. Microcosms, used to measure the disappear
ance of diesel, did not demonstrate a decrease in 
diesel fuel with respect to fixed controls after 
30 days of incubation. It is important to note that 
in the microcosms, only diesel fuel was added, 
while the MPN tests for diesel-degrading bacteria 
contained a medium of mineral salts containing 
nitrogen and phosphate. 

Table 5.3. Average most probable number enumerations of specific bacterial types. 
Sample 

designations 
(depth in cm) 

S0 4-reducing 
bacteria 

N0 3-reducing 
bacteria 

( N 0 3 -> NO z ) 

N0 3-reducing 
bacteria 

( N 0 3 -* NO z ) 

Diesel-
degrading 
bacteria 

Citrate-
utilizing 
bacteria 

Invert (3-5 cm) 13.50 25.33 360.00 >1600 10,067.00 
Invert (6-9 cm) 15.33 2.40 793.33 >1600 3733.33 
Invert (11-14 cm) 12.25 1.80a 1210 b >1600 1800.00 

Wall (surface) BLDC 87.00 BLD 19.67 BLD 
Wall (~1 cm) BLD 23.33 1.80b 20.67 450.00b 

Wall (~3 cm) BLD 85.33 5.75c 29.60 200.00 d 

a Two of the three replicates had numbers below the limit of detection. 
b Two of the three replicates had numbers greater than the detection limit (>1600). A conservative average was 

estimated using 1600 for the values of those replicates. 
c BLD designates numbers below the limit of detection (<1.8 cells/g wt). 
d One of three replicates had numbers below the limit of detection. 
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Table 5.2. Distribution of microbial types recov-
ered from multiple rock faces. 

Surface 1- and 2- and 
and 1-cm 3-cm 3-cm All 

faces faces faces faces 

Number of similar 
bacterial types 3 2 11 2 
Number of unique 
bacterial types 104 87 90 131 

Discussion 

The use of microspheres provides a means to 
determine the effect of sampling procedures on 
the procurement of representative subsurface 
material for microbiological analyses. The use of 
tracers, such as microspheres, provides a control 
for sample integrity (Colwell et al. 1992; Russell 
et al. 1992). We successfully applied microspheres 
as tracers to sampling within the tunnel systems. 
The results demonstrate that transport of 1-um-
sized microspheres is greatly reduced after 
removing just 1 cm of surface rock (Fig. 5.2); thus, 
the probability of introducing exogenous microbes 
during sampling at greater depths is small. 

In previous microbiological research in which 
samples were obtained at depths into the tunnel 
walls exceeding 5 an, fungi served as an indica
tor of microbial contamination during sampling. 



The fungi recovered here, in low abundance on 
the surface and at 1 cm into the tunnel wall, were 
not recovered in samples taken at 3 cm into the 
wall rock, which augmented assurance of uncom-
promised samples by acting as a fortuitous tracer. 

Direct counts, although difficult to obtain in 
the autofluorescing tuffs of Rainier Mesa, were 
consistently higher than culturable aerobic het
erotrophic bacterial counts and MPN estimates of 
microbial abundance. The discrepancy between 
culturable and direct counts (Fig. 5.3) is due to 
nonculturable cells being either dead, dormant, or 
viable but nonculturable (VBNC). It would not be 
surprising to find large numbers of dead or dor
mant cells in wall samples, because zeolitized 
tuffs experience little or no nutrient flux in 
unfractured areas (Amy et al. 1992; Haldeman 
and Amy 1993a). A comparison of phospholipid 
fatty acid and diglyceride fatty acid contents with 
acridine orange direct counting of subsurface 
samples of zeolitLzed rock from Rainier Mesa, has 
indicated that this may be the case. However, 
VBNC cells are also common in natural environ
ments (Rozak and Colwell 1987), and we believe 
that their presence cannot be ruled out in the sub
surface of Rainier Mesa. More investigation is 
needed to determine abundance, distribution, and 
in situ functions of nonculturable cell populations 
and the potential for activity if growth require
ments were met. Anthropogenic activity associat
ed with repository construction may provide the 
necessary environmental conditions and may 
stimulate dormant microbial populations. 

Higher total cell counts were obtained in the 
cored invert material than in the wall samples 
(Fig. 5.3). The invert samples were unconsolidat
ed and of higher moisture and total organic con
tent, and they had been periodically perturbed by 
anthropogenic activities since tunnel construction. 
All of these factors may have influenced the 
invert environment in such a way that it support
ed greater bacterial numbers. Geological and 
microbiological parameters that have been correl
ative in the deep subsurface include higher mois
ture, permeability, and organic carbon content 
with increased bacterial numbers (Fredrickson et 
al. 1989; Kieft et al. 1993; Severson et al. 1991), 
although these correlations have not been demon
strated in the analysis of tuffaceous rock from 
Rainier Mesa (Russell et al. 1994). Perturbations 
have been shown to increase microbial abun
dance and activity in surface and subsurface envi
ronments (Brockman et al. 1992; Craswell and 
Waring 1972; Rovira and Greacen 1957), including 

samples from Rainier Mesa (Haldeman et al. 
1994; Haldeman et al. 1995; Fredrickson et al. 
1995). More information on how such factors 
affect in situ subsurface microbiota is needed. 

TOC measurements demonstrate a decreasing 
trend into both the wall and the invert with depth 
from the tunnel surface. The TOC measurements 
demonstrate correlations with heterotrophic plate 
counts in the wall (negative) and core (positive) 
samples with depth. In the invert material, the 
abundance of active heterotrophic microbial com
munities may be influenced by organic carbon 
content, while dormant (or dead) microbes are 
more likely to be present in greater abundance in 
the wall rock (Amy et al. 1992,1993; Haldeman 
and Amy 1993a; Haldeman et al. 1993). Microbial 
communities in the wall rock may no longer be 
active because the carbon there is minimal and 
may not be bioavailable—that is, the carbon may 
not be available for use by the microbiota. It is 
also important to note that elemental carbon may 
have been included in TOC analysis because it 
was not excluded from the total carbon determi
nation. Blackened material was observed on the 
wall surface but not on faces created at depth into 
the tunnel wall. Further analysis is needed to 
determine whether this material was a major con
stituent of what was measured as TOC, because 
inert materials such as elemental carbon are not 
bioavailable and may explain the contradictory 
results. Organic hydrocarbon content is further 
discussed in Sec. 3. 

Most measures of microbial communities 
(diversity, evenness, and—in most cases—direct 
counts) did not show distinct differences between 
samples. However, trends were noted in the 
abundance of culturable heterotrophic bacteria 
with depth into the tunnel wall and into the 
invert material, and heterogeneity was observed 
in the recovery of specific heterotrophic colony 
types. This was not surprising because hetero
geneity has been noted on a larger scale in this 
and other subsurface environments (Balkwill et 
al. 1989; Brockman et al. 1992; Colwell 1989; 
Haldeman and Amy 1993a; Haldeman et al. 
1993). The wall rock appeared more homoge
neous in microbial composition after the immedi
ate surface was removed, as evidenced by the 
increased number of colony types in common 
between the 1- and 3-cm rock faces. This may be 
due in part to the disparity in numbers of cultur
able organisms recovered from the 1- and 3-cm 
faces and from the surface. MPN analyses, which 
enumerate functional groups of microorganisms, 
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exhibited few trends in microbial distribution 
within the wall samples. More complete charac
terization of heterotrophic isolates may determine 
that they fulfill similar niches (besides heterotro-
phy), although they differ in appearance. It is 
important to stress that these are not in situ mea
sures of microbial activity but reflect the organ
isms cultivated under enriching conditions. 
Microbial heterogeneity is an issue that must be 
addressed in future site characterization. 

Although a decrease in the amount of diesel 
fuel added to the microcosm (see Sec. 3 for hydro
carbon analysis of unamended rock samples) was 
not demonstrated, diesel-degrading MPN media 
tested positive. Further experimentation will be 
needed to resolve these contradictory results. 
Characterization of isolates will be needed to 
determine whether the oxidative activity in the 
MPN tubes was exclusively a result oi diesel 
degradation or whether it was due to nutrients 
provided in the inoculum, bacteria degrading 
each other, or gaseous compounds. The addition 
of a mineral salts medium to microcosms will 
also determine whether the lack of diesel degra
dation as measured by TPH was due to a limiting 
nutrient such as a phosphate or nitrogen source. 
No studies have been done within the tunnel sys
tems to determine limiting nutrients. These exper
iments will be important in understanding the 
effects of perturbations on microbial communities. 

Two types of bacteria present within the tun
nel system included polymer-forming and sul-
fate-reducing bacteria, which are known to play 
roles in the corrosion of metals (Jones 1992; 
Stroes-Gascoyne 1989; West et al. 1985). Likewise, 
bacteria capable of degrading diesel fuel and 
diesel combustion products were present. The 
presence of these microbiota, whether introduced 
or naturally occurring, is important because the 
activity of one group of microorganisms may 
influence the activity of or select for another 
group, thus setting off a chain of complex events 
(Bachofen 1991; Rosevear 1991). Questions con
cerning the survival, activity, and interaction of 
subsurface microbes in the presence of each other 

and their subsurface environment must be con
sidered in decisions regarding the emplacement 
of a nuclear repository. 

Summary and Future Directions 

Various types of microorganisms were recov
ered from the subsurface of Rainier Mesa, invert 
material, and tunnel walls in this study and oth
ers (Amy et al. 1992; Haldeman and Amy 1993a; 
Haldeman et al. 1993). As European researchers 
suggest, whether microorganisms are introduced 
or indigenous is not a necessary area of investiga
tion because repository construction, especially 
backfilling procedures, will probably introduce a 
plethora of microbial types (Bachofen 1991; 
McCabe 1990; West et al. 1986). Instead, an impor
tant focus of research might include understand
ing general microbial ecology through studies 
such as the following: 

• Determining the effects of perturbations 
on microbiota and gaining a better understanding 
of successional changes that will occur. 

• Determining the effect of inputs such 
as moisture and carbon (for example, from 
diesel fuel exhaust) on survival and activity of 
microbiota. 

• Identifying factors that limit the micro
biota in situ. 

• Determining what factors protect micro
biota (e.g., polymer formation, dormant state). 

• Determining the survival characteristics 
and mutation rates of microbiota exposed to high 
heat and radiation. 

• Gaining a better understanding of dor
mant and nonculturable bacteria and their impor
tance as a "seed bank" of microbial diversity. 

• Determining the in situ role of microbiota 
in the biogeochemical cycling of elements and 
how they may alter geological or introduced 
structures. 

• Determining the mobility of subsurface 
microbiota and their potential effects on the trans
port of metals. 
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(a) 

Tunnel wall 
>Tunnel Invert cT̂ CT 

I T 

(b) 

Figure 5.1. Locations of replicate samples, (a) Samples A, 6, and C taken from three rock faces (sur
face and at depths of 1 and 3 cm) into the tunnel wall, (b) Replicate cores A, B, and C taken from the 
tunnel floor. Subsections of the cores represent the three sampling depths (3-5,6-9, and 11-14 cm 
from the invert surface). 
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Figure 5.2. Distribution of latex spheres into the tunnel walls. 
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both sites. 
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6. Concluding Remarks 
A. Meike 

This study was conducted to determine a 
general framework for discussing the potential 
significance of diesel exhaust to the long-term 
chemistry of a subsurface environment. As the 
first historical analog study conducted by the 
Introduced Materials Task, it has demonstrated 
the possibly complex interaction of some of the 
factors of interest: (1) the many factors (e.g., 
engine load, engine wear, exhaust modification 
system, engine usage schedules) that determine 
the concentration, quantity, and dispersion of the 
diesel deposit; (2) some of the other materials 
(e.g., crushed or powdered rock, metal and PVC 
pipe, paint) that could be associated with the 
exhaust deposit in a tunnel setting; (3) two of the 
potential chemical processes (chemical and bio
chemical reactions) that could be affected by 
diesel exhaust. 

Other potential chemical processes, such as 
sorption and colloid formation and the mutation 
of microbial species, were beyond the scope of 
this small investigation but will be investigated in 
the future. Sorption by exhaust deposits may be a 
significant issue because diesel particulates have 
high surface areas (~100 m 2 / g ) and large isosteric 
heats of adsorption (>15 kcal/mole) (see, e.g., 
Herr et al. 1982). Thus, diesel particulates can act 
as preferred sites for the condensation or sorption 
of other partially combusted reaction products, 
such as polynuclear aromatic compounds (PACs) 
(Herr et al. 1982). PACs have been shown by Herr 
et al. (1982) to be products of diffusion-controlled 
combustion of any hydrocarbon fuel, and not 
simply fuel components that have passed unal
tered through the combustion zone, which must 
be considered in addition to diesel fuel compo
nents. Because of the sorption capacity, the forma
tion of colloidal material from this particulate 
matter will be investigated by the Introduced 
Materials Task. 

The soluble organic fraction (SOF), which was 
obtained by the dichloromethane Soxhlet extrac
tion of diesel particulate matter, is known to 
exhibit direct microbial mutagenic activity. The 
presence of direct-acting mutagens appears to be 
unique to diesel particulates among particulates 
collected from combustion sources generally 

(Santodonato et al. 1978; Pederson and Siak 
1981a,b; King et al. 1981; Dukovich et al. 1981). In 
the presence of water vapor, nitrogen dioxide can 
modify PACs to produce these direct-acting 
mutagens. The source of the nitrogen appears to 
be the oxidant for the combustion reaction (Herr 
et al. 1982). The mutagen studies were conducted 
with an interest in potential human health haz
ards. From the perspective of the Introduced 
Materials Task, the formation of mutagens poten
tially increases the numbers of species that may 
reside in the repository environment. 

The preliminary findings from this study 
indicate no immediately obvious source of signifi
cant chemical modification to subterranean -water 
chemistry. The effects of trace amounts of heavy 
metals and sulfur are not known at present. The 
single marked modification that we have simulat
ed is a change in pH, and it represents an extreme 
bounding condition that reflects the set of 
assumptions used for the exercise. We expect the 
carbon particulate matter to be far less chemically 
reactive than is indicated by that bounding calcu
lation. A more complete analysis would include 
further simulations to provide further bounds for 
potential chemical modifications. However, as 
discussed above, all possible avenues of potential 
chemical modification have not been pursued in 
this study. One of these avenues, sorption and 
formation of colloids, may be particularly impor
tant for retardation or transport of radionuclides. 

The study establishes that further information 
is required and indicates the directions in which 
further work is needed. We strongly suggest that 
if diesel is to be considered at all for the main 
body of the repository, it should be used in the 
initial portions of the ESF so as to conduct tests in 
a more controlled testing environment that more 
clearly represents aspects of a repository environ
ment (e.g., use of the appropriate diesel fuel, and 
adherence to modern exhaust emission standards 
and ventilation conditions). In addition, experi
ments should be conducted at elevated tempera
tures on the soot and rock to characterize and 
identify thermal breakdown products in order to 
determine potential influences on water chem
istry and transport properties. 
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8. Glossary of Terms 

Aerobic heterotrophs: Microorganisms that 
use organic carbon compounds as carbon and 
energy sources in the presence of oxygen. 

Allochthonous: Describes microorganisms 
introduced into an environment; i.e., organisms 
carried into the subsurface as a result of human 
activity. 

Autochthonous: Describes microorganisms 
extant in a natural environment; in situ or indige
nous communities. 

Bioavailable: Describes the availability of 
compounds for use by microbiota as carbon or 
energy sources; e.g., a compound may contain 
needed phosphates but may be toxic to microbio
ta, or a compound that might be readily usable by 
microbiota may be bound by minerals in pore 
spaces distal to microbe locations and is thus not 
bioavailable. 

Diversity: A measure of the distribution of 
microbial communities based on both the number 
of different kinds of microbiota and the relative 
abundance of each kind; e.g., a community with a 
high diversity might have 10 each of 30 colony 
types, while low diversity might indicate a com
munity dominated by a particular bacterial type. 

Evenness: Diversity divided by the natural log
arithm of the number of colony types; normalizes 
diversity indices so that samples containing differ
ent numbers of colony types can be compared. 

Invert: Describes the unconsolidated material 
that has been brought into the tunnel system and 
placed on the floor. 

Microcosms: Artificial environments created 
in the laboratory to simulate particular environ
mental conditions; in this case, diesel fuel was 
added to rock or invert material that contained in 
situ microbial communities. 
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