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Executive Summary

Gas generation from the microbial degradation of the organic constituents of transuranic

waste under conditions expected at the Waste Isolation Pilot Plant (WIPP) repository was

investigated at Brookhaven National Laboratory from 1992-2003. The biodegradation of
mixed cellulosics and electron-beam irradiated plastic and rubber materials (polyethylene,
polyvinylchloride, neoprene, hypalon, and leaded hypalon) was examined. The effects of
environmental variables such as initial atmosphere (air or nitrogen), water content (humid

(~70% relative humidity) and brine inundated), and nutrient amendments (nitrogen,

phosphate, yeast extract, and excess nitrate) on microbial gas generation was evaluated.

Total gas volume was determined by pressure measurement and CO; and CH4 were

analyzed by gas chromatography. Soluble cellulose degradation products were analyzed

by high-performance liquid chromatography (HPLC). Microbial populations were

determined by direct microscopy and denaturing gradient gel electrophoresis (DGGE).

Results showed that the addition of a mixed inoculum composed of sources of salt, brine,
and sediment from the WIPP underground and surficial environments led to the

biodegradation of cellulose under brine inundated and humid (70% relative humidity)

conditions, especially when nutrients were added, and to the greatest extent when

anacrobic conditions were established from the start, as follows:

¢ Over a 10.8 year period, under initially aerobic conditions (oxygen was consumed
after 2 years incubation) 0.84 £ 0.10 ml of total gas was produced per gram
cellulose without a nutrient amendment, while samples with a nutrient
amendment produced 1.71 + 1.03 ml total gas g™ celluose, and 12.2 + 0.00 ml
total gas g celluose with excess nitrate. Over the same period, 16.3 + 1.3 pmol
CO, was produced g cellulose in the absence of a nutrient amendment; 41.4 +
7.8 umol CO; g cellulose with a nutrient amendment, and 186 pmoles CO» g’
cellulose when excess nitrate was added. The overall rate of total gas production
from the start of the experiment in these treatments was 0.0003, 0.0004, and
0.0016 ml total gas g cellulose day™, respectively, and CO; production was
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0.003, 0.004, and 0.034 pmoles CO, g cellulose day”', respectively. Under
anaerobic conditions, 2.48 + 0.31 m! total gas g cellulose was produced in the
absence of a nutrient amendment, 4.12 + 0.76 ml total gas g cellulose with
nutrients, and 18.1 + 0.38 ml total gas g cellulose with excess nitrate. Carbon
dioxide was produced under anaerobic conditions as follows: 27.4 + 5.8 pmoles
CO, g cellulose in the absence of nutrients, 66.9 + 1.1 pmoles CO, g™’ cellulose
with nutrients, and 251 = 5 pmoles CO; g cellulose with excess nitrate (after 6
years of incubation 2.24 + 0.24 x 10® bacterial cells ml” were detected in these
samples). The overall rate of total gas production in anaerobic samples was
0.0006, 0.0008, and 0.0025 ml g cellulose day”, respectively, and for CO;
production it was 0.018, 0.030, and 0.054 umoles CO, g cellulose day’,
respectively.

Organic acids, predominantly formate and acetate, and smaller amounts of butyric,
fumaric, lactic, oxalic, oxalacetic, propionic, and succinic acids were detected in
solution indicating fermentative microbial activity.

Methane was first detected at ~7.4 years incubation in brine inundated samples,
and 5.89 + 1.30 nmol g cellulose was detected at ~9.5 years under anaerobic
conditions without nutrients; 2.74 + 0.90 nmol g celluose with nutrients, and
2.57 £ 0.79 nmol g’ cellulose with excess nitrate. The amount of methane
detected at ~9.5 years was smaller under initially aerobic conditions: 1.34 + 0.03
nmol g cellulose without nutrients, 0.84 + 0.05 nmol g’1 cellulose with nutrients,
and 1.27 £0.37 nmol g cellulose with excess nitrate.

Bentonite, once a potential backfill additive for WIPP, enhanced the concentration
of gaseous and aqueous metabolites; 387 + 12 pmoles CO; g’ cellulose was
produced under anaerobic conditions with excess nitrate and bentonite (1.5x more
CO; than without bentonite).

Under humid conditions, a nutrient amendment resulted in lower gas production
than without; under initially aerobic conditions 6.09 + 2.41 pumoles CO; was
produced g™’ cellulose after ~9 years while 0.48 + 0.29 pmoles CO, was produced
g’ cellulose in the presence of a nutrient amendment. The same held under
anaerobic conditions: unamended samples produced 115 + 20 pumoles CO; g
cellulose while nutrient amended samples produced 21.9 + 3.3 pmoles CO; g
cellulose after ~9 years incubation. Bentonite greatly enhanced gas production
under humid conditions as well (anaerobic unamended samples produced 591 +
135 pmoles CO; g™ cellulose, and amended samples produced 673 + 49 umoles
CO; g cellulose). Methane was detected, up to 32.6 + 9.3 nmoles g! cellulose,
only when bentonite was present.
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» Plastic and rubber materials were subjected to an absorbed radiation dosc of up to
4000 Mrad in order to determine if radiation damage could affect polymer
biodegradability and gas generation. After ~7 years incubation microbial gas
production did not increase when the plastics polyethylene or polyvinylchloride
were present. Inhibitory reactants to microbial activity were formed after
irradiation of polyvinylchloride. Irradiation of rubber materials neoprene and
hypalon resulted in enhanced CO; production.

s After 6 years of incubation, the microbial population in anaerobic brine inundated
samples were enumerated by direct microscopy: unamended uninoculated
samples contained 5.12 + 3.41 x 10° bacterial cells ml”, unamended inoculated
samples contained 1.59 + 0.15 x 10’ cells ml”, amended inoculated samples
contained 1.62 + 0.07 x 10* cells ml”', and amended inoculated samples with
excess nitrate contained 2.24 + 0.24 x 10® cells mI"'. Through analysis of DNA, a
diverse assemblage of bacterial and archael microorganisms, well populated with
extreme halophiles, were detected in unamended and nutrient amended mundated
cellulose samples.

1.0 INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is a U.S. Department of Energy facility
located in southeastern New Mexico, approximately 656 m (2150 ft.) below ground
surface in a bedded salt, Permian evaporite formation. A mined geologic repository,
WIPP has been receiving transuranic (TRU) waste from defense-related and
environmental management activities since March 1999. TRU waste contains alpha-~
emitting transuranium nuclides with half-lives greater than twenty years at concentrations
greater than 100 nCi gram. These wastes were generated from nuclear-weapons
production and related processing and include various organics, adsorbed liquids, sludges,
cellulosics, plastics, rubber, leaded rubber, and a variety of metals and cemented
materials containing the following radionuclides: 22T, 233U, 235y, 23F"Np, 38y 23";'Pu,
240py, 2y, 242py, 2 Am, 2*Cm, and **°Cf. The total volume of TRU waste managed by
the DOE through 2034 is estimated to be approximately 171,000 m’; WIPP’s total
capacity for contact-handled and remote-handled TRU waste is set at 176,000 m® (U.S.
DOE, 2001). Remote-handled TRU waste possesses radiation levels 2200 millirem hr'l;
the majority of TRU waste is classified as CH. The total radioactive content of CH-TRU

waste in the DOE inventory at the end of 1996 was 2.5 x 10° curies, predominantly from



Pu and Am. The TRU waste will be shipped to WIPP from 10 major sites throughout the
U.S. Containers of TRU waste will be emplaced inside 3,640 m’ disposal rooms in the
repository (Brush, 1990). Fifty-six rooms are planned or under construction , each room
able to hold approximately 6,800 55-gallon waste containers. The waste contains a large
quantity of cellulosic material, 70% of which is paper (Brush, 1990). An average drum of
TRU waste will contain 10 kg of cellulosic material, or ~70,000 kg of cellulosic material
per disposal room. In addition, the TRU waste inventory will contain plastics
(polyethylene and polyvinylchloride) and rubber materials (neoprene, hypalon, leaded
hypalon). Approximately 3 million moles of nitrate and a much smaller amount of
phosphate will also be placed in the WIPP (Brush, 1990, Brush et al., 1991). The U.S.
Environmental Protection Agency has certified that the U.S. DOE plans to operate
WIPP complies with laws governing the long-term disposal of radioactive waste, 40 CFR
191 and 40 CFR 194 (Federal Register, 1998). Part of this certification relied on the U.S.
DOE demonstrating an understanding of chemical processes in the repository over the
10,000 year period of performance dictated by 40 CFR 194. Gas will be generated in the
repository primarily by metal corrosion and microbial processes. Gas production could
result in pressurization of the repository after it is sealed causing fracturing of anhydrite
interbeds in the Salado formation, and contribute to spalling and direct brine releases
(Federal Register, 1998). In addition, microbially-produced CO; could decrease the pH of
the repository if it were to become inundated with brine which in turn could increase
actinide solubility.

Microorganisms, which can grow under hypersaline conditions (halotolerant, and
moderate and extreme halophiles), will be present in the WIPP from underground and
surficial sources and may become active under a variety of conditions over the
repository’s lifetime (Francis and Gillow, 1994). Microorganisms can enter WIPP from
several sources, including (i.) association with TRU waste from generator sites, (ii.) the
surface environment via the mine ventilation system and human intrusion, and (iii.) as
resident populations in the salt crystals and brine formations. (Francis et al., 1997).
Previous studies of low-level radioactive wastes and waste leachates have shown that
microbes in the wastes can metabolize a variety of organic carbon compounds that are

present (Francis et al., 1980 a, b; Francis, 1985).
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Long-term experiments designed to examine gas generation due to biodegradation

of the organic fraction of transuranic (TRU) wastes under WIPP repository-relevant

conditions were performed at Brookhaven National Laboratory (BNL) from 1992-2003.

A summary of these experiments for the period 1991 to 1996 was published in Francis et

al., 1997. After a hiatus of 4 years, the experiments to quantify gas generation due to

biodegradation of simulated TRU wastes were again analyzed in 1999 through to 2003.

Table 1 provides the status of these experiments as of 2003 (at the end of the experiment).

Table 1. Status of long-term experiments designed to examine gas generation due to
biodegradation of the organic fraction of transuranic wastes under WIPP repository-
relevant conditions at Brookhaven National Laboratory.

Experiment Start Date SAND96-2582 Analyses Completed Through Period
(Days/Years) Ending July 2003
(1956) (Days/Years)

2718/ 7.4; total gas, CO; and CH4
Long-Term 1/29/92 1228/3.4
Inundated 3462 / 9.5; total gas, CO; and CH,
Cellulose 3561/ 9.9; aqueous metabolite analysis

3929 /10.75; total gas and CO,
2553 /7.0, total gas, CO,
Initially Aerobic 4/7/93 804/23
Humid Cellulose 3009 / 8.2; total gas and CO;
3334 /9.1; total gas and CO,
2156/ 5.9; total gas, CO;
Anaerobic Humid 5/4/94 415/1.1
Cellulopse 2616/ 7.2, total gas, CO, and CH, (2623)
2945 / 8.1; total gas and CO,

2612 / 7.2; total gas, CO, and CH,
Inundated PE, 3/9/93 840/2.3
Neoprene

2464 / 6.8; total gas, CO, and CH,
Inundated 8/3/93 664/1.8
Hypalon 2926 /8.0, CH,
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The test plan titled “Re-evaluation of Microbial Gas Generation Under Expected
Waste Isolation Pilot Plant Conditions, TP-99-01” was used for studies subsequent to
publication of SAND96-2582. In addition, Brookhaven National Laboratory developed a
Quality Assurance Program (QAP) for this research that complied with the requirements
of Sandia National Laboratories (SNL). This QAP was fully implemented during the
work at BNL and was reviewed by SNL during formal on-site audits. The QAP ensured
that the data generated were valid, accurate, repeatable, protected and could withstand

critical peer and other reviews.

2.0 EXPERIMENTAL RATIONALE AND APPROACH

The expected conditions within the WIPP disposal rooms prior to 1996 gave us the
framework within which to develop the experimental test conditions for gas generation
due to microbial activity. The disposal room scenarios developed by SNL dictated the
following: i) substrates for biodegradation; ii} environmental conditions, including
atmosphere and moisture content, and iii) alternate electron acceptors for biological

activity.

Laboratory experiments were designed to determine the potential gas generation due
to biodegradation of organic constituents of TRU waste under conditions expected in the
WIPP repository after the waste is emplaced. The organic constituents include cellulose,
plastic and rubber materials, specifically polyethylene (PE), polyvinylchloride (PVC),
neoprene (NEO), hypalon (HYP), and leaded hypalon. The PE and PVC are
predominantly used as liner and bagging materials for steel waste-containers. While the
plastics are the most abundant polymers in the WIPP inventory, NEO and HYP make up
a sizable portion of the rubber materials. In the repository, the plastic and rubber
materials will undergo continuous alpha-irradiation (radiolysis) from the radionuclides in
the waste that may change their structural properties, potentially rendering them more
susceptible to biodegradation.
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Successions of microbial processes will occur under the changing environmental
conditions inside the repository. Changes from acrobic to amaerobic, and humid to
inundated conditions (and possibly back to humid) will regulate the activities of (1)
microbes present in the waste, and (ii) resident and indigenous halotolerant or halophilic
bacteria in the brine and salt. Additional influencing variables are identified in the
disposal room scenario described in the previous section, the presence or absence of
which may affect microbial gas generation, including the following: i) oxygen, ii)
substrates (cellulose, plastic, or rubber), iii) brine, iv) bentonite, v) microbes, vi) nutrients,
and vii) alternate electron acceptors. The evaluation of the effects of these variables on

microbial gas generation formed the basis for our experimental methodology.

3.0 MATERIALS AND METHODS

3.1 Inundated Treatments

Four types of paper were used to simulate TRU cellulosic waste material: (i) filter paper
(Whatman #1™); (i1} white paper towel (Fort Howard); (iii) brown paper towel; and (iv)
Kimwipes™ (Kimberly-Clark, lintless tissu¢ wipers). These types comprise the typical
cellulosic wastes resulting from laboratory and process activities. They were shredded
into strips in a large paper shredder, and then cut into 1 cm x 1 ¢m squares in a small

portable shredder.

Each type of paper was weighed (1.25 g), mixed together thoroughly and transferred
to 160 ml serum bottles that had been acid-washed (10% HCI) and sterilized (autoclaved
at 120°C, 20 psi for 20 min.).

Fifteen liters of brine from G-Seep (SNL #9) were provided by Sandia National
Laboratories’ brine laboratory (the identifier is part of SNL’s brine cataloging system) via
overnight express delivery, on ice, and stored at 4°C until used. G-Seep is a natural brine

source that was slowly accumulating underground in the WIPP and was collected by SNL
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in 1991. Table 2 gives the chemical composition of G-Seep brine; it contains 10° - 10°

bacterial cells ml”' (Francis and Gillow, 1994).

Table 2. Composition of G-Seep brine (Brush, 1989).

Major Ion g/L M
Na' 95.0 4.11
Cr 181 5.10
Mg 15.3 0.63
K 13.7 0.35
Ca* 0.32 0.01
SO 29.1 0.30
HCOy 0.73 0.01

Bentonite clay in two one-liter containers was provided by Sandia National
Laboratories. It was a granular MX-80 Volclay bentonite, available from the American
Colloid Company of Belle Fourche, South Dakota. At the time these experiments were
begun, bentonite was considered a potential backfill for the waste in WIPP to be used to

control actinide mobility. Table 3 shows its chemical composition.



Table 3. Composition of Bentonite*
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Chemical Composition

(NaCa)o3s(Ah soF€0.15Mgo.25)

(Si3.00Alp 10)010(OH)2

Montmorillonite 90%

Content

Typical Chemical Silica 63.02 510,

Analysis, % Alumina 21.08 Al,O»
Iron (Ferric) 3.25 Fe:04
Iron (Ferrous) 0.35 FeO
Magnesium 2.67 MgO
Sodium 2.57 Na,O
Calcium 0.67 CaO
Crystal Water 5.64 H,O
Trace Elements 0.72

Exchangeable Ions Sodium 55-65

(Milli-equivalents/100g) Calcium 15-25
Magnesium 10-15

Moisture Content 10% Maximum as Shipped

pH 8.5-10.5

*Data provided by the American Colloid Company, Skokie, IL



A microbial inoculum was prepared from a mixture of a variety of WIPP repository-
relevant samples. Microorganisms are expected to enter and reside in the repository from
several sources (see Section 4.0). These sources may harbor microorganisms that can use
various substrates for growth via numerous metabolic pathways. To eliminate the
possibility of biasing the experiments toward one type of microorganism (i.e., selecting
one pure halophilic microbial strain), we used a mixture of brine and sediment from the
repository surficial and subterranean environments to obtain a consortium of
microorganisms (mixed inoculum). This would allow these microorganisms to become
active in the experiment based upon the environmental conditions and available electron

donors and acceptors. The mixed inoculum was composed of the following:

(1) Sediment and Brine from Nash Draw: Samples were collected on 12/12/91 from
surficial lakes adjacent to the WIPP site in an area called Nash Draw. Brine was
collected in sterile glass serum bottles, and sediment was collected from the lake bottom
using steel cores. The sediment was stored anoxically in serum bottles. All of the
samples were stored on ice and shipped to BNL ovemight and then stored at 4°C wntil
use. Before adding to the mixed inoculum, the sediment samples were filtered through
sterile cotton in an O,-free N-filled (anaerobic) glove box in to remove large particulate
material. Lake brine and sediment were combined together in the anaerobic glove box in

the proportions listed in Table 4.

10
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Table 4. Surficial lake brine and sediment.

Sediment and Brine Source Brine, Sediment,

ml ml
Laguna Quattro 60 40
Laguna Cinco 35 40
Laguna Tres South 13 40
Lindsey Lake 50 40
Surprise Springs 25 40
Total 183 200

(ii) Brine from the WIPP underground workings: G-Seep collected December 12, 1991,
200 ml.
(ifi) Inocula from a non-sterile laboratory environment: Dust gathered from laboratories

in Bldg. 318 (BNL) for non-halophilic microorganisms, 2.5 grams.

The sediment, brine, and dust samples were then mixed together in a sterile beaker in
the anaerobic glove box. The total volume of the mixed inoculum was 583 ml. The
viability of microorganisms in the mixed inoculum was examined by incubating
subsamples under aerobic and anaerobic conditions in the presence of a simple carbon
source (glucose) and nutrients (phosphate, ammonium, and nitrate). The results of
activity measurements were presented earlier (Francis and Gillow, 1994). In addition,
most probable number (MPN) analysis of the mixed inoculum showed the presence of

aerobes, denitrifiers, fermenters, sulfate reducers, and methanogens.

11



The treatments consisted of (a) 100 ml of brine, and (b) 100 ml of brine and 5 g
mixed cellulosic papers. The samples were incubated with and without nutrients. The
nutrients consisted of yeast extract (Difco, 0.05% w/v), KoHPO, (potassium phosphate
dibasic, Aldrich reagent grade, 0.1% w/v), and NH,;NO; (ammonium nitrate, Aldrich
reagent grade, 0.1% w/v). All nutrient solutions were sterilized by filtration through

0.22mm syringe filter units (Millipore Corp.).

Some nutrient-amended samples received excess nitrate as potassium nitrate
(Aldrich reagent grade, 0.5%). Nitrate can serve as an alternate electron acceptor in the
absence of oxygen, reducing nitrate to nitrogen gas and perhaps nitrous oxide (an
intermediate end-product). Bentonite MX-80, which contained approximately 3.25%
ferric iron, was a potential alternate electron acceptor for microbial activity under
anaerobic conditions (iron reduction). In addition, sulfate, a natural constituent of the
brine, can be used as an electron acceptor. In this process, sulfate is reduced to sulfide,

liberating H,S gas and precipitating metals as metal sulfides.

Anaerobic samples were prepared first due to the need to make the mixed inoculum
in an anaerobic (N,-filled) glove box to maintain the viability of the anaerobic bacteria.
The serum bottles containing the mixed cellulosic paper were flushed with ultra-high
purity (UHP) nitrogen and placed inside the glove box for 24 hours before inoculation to
allow any trapped air to escape. Ten liters of G-Seep brine #9 were removed from
storage at 4°C and equilibrated overnight at room temperature. One hundred milliliters
of the brine solutions with and without nutrients or excess nitrate were added to sample
bottles with and without bentonite. Brine was measured with a sterile 100 ml graduated
cylinder (KIMAX™, Kimble Glass Co., tolerance = + 0.6 m! at 20°C). Bentonite (6.00 £
0.10 g) was added to separate sample bottles inside the giove box to determine its

influence on gas production and distributed by gently mixing the sample.

The mixed microbial inoculum prepared in the anaerobic glove box was mixed

continuously and 4 ml added to specific samples using a calibrated continuously

12
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adjustable pipette (Pipetteman™, Rainin Instrument Co.). The samples were gently
swirled to blend the inoculum, capped with butyl rubber stoppers, and crimped with
aluminum seals. Uninoculated samples were similarly set up. Control samples to
measure abiotic gas production received 3 ml of 37% formaldehyde to give a final

concentration of 1% formaldehyde to kill the bacteria present.

Aerobic samples were prepared as described above except that brine solutions were
not purged with UHP N,. Brine was added to the bottles with a sterile 100 ml graduated
cylinder, the samples were inoculated, capped with butyl rubber stoppers, and sealed with
aluminum crimp seals. This was done outside the glove box, thereby sealing air in the
headspace. A detailed description is given elsewhere of all of the sample treatments
(aerobic and anaerobic) and the number of replicate samples listed (Francis and Gitlow,
1994, Appendix C).

One hundred and eighty-four sample bottles were incubated under static (unshaken)
conditions in a 30 £ 2°C incubator (Precision Scientific, Inc.). Headspace gas was
analyzed at 21 intervals starting in 1992 up to 3929 days of incubation. The incubator’s
temperature was monitored weekly with thermometers calibrated by the manufacturer to
standards traceable to the National Institute of Standards and Technology (NIST). The
incubators also were continually monitored by electronic temperature sensors to provide
immediate notification of a power failure or temperature deviation (= 2°C). The

incubator’s temperature did not deviate from the established range during the experiment.

i3
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3.2 Humid Treatments

Samples were prepared in 160 ml glass serum bottles, with 1 g of mixed
cellulosies (0.25 g each of Whatman® #1 filter paper, brown paper towel, white paper
towel, and Kimwipes®) mixed with (i) 5.00 ¢ of reagent-grade NaCl (Aldrich), (11} 5.00 g
of crushed WIPP muck pile salt from the WIPP underground workings (100% E140,
N635 salt), and (iii) a mixture of 3.50 g WIPP muck pile-salt and 1.50 g bentonite MX-80
(70% salt/30% bentonite).

Samples were prepared with and without added nutrients. The nutrients added
(amended samples) consisted of a 0.50 ml solution containing nitrogen (ammonium
nitrate, 0.1% w/v), phosphorus (potassium phosphate, 0.1% w/v), and yeast extract
(0.05% w/v). Unamended samples received 0.50 ml of a filtered, sterilized reagent-grade

salt solution (20% w/v). All samples were prepared in triplicate.

Mixed inoculum was prepared as described above and 2.0 ml was pipetted onto
the cellulose with a calibrated pipette. The uninoculated samples (controls) received 2.0
ml of filter sterilized (0.2pm, Millipore Corp.) reagent-grade NaCl (Aldrich) solution
(20% w/v deionized H;0) to duplicate the moisture content of the inoculated samples.
To examine the viability and potential gas-producing activity of the mixed inoculum, as
well as elucidate the nutrient conditions in the mixed inoculum, 20 ml aliquots were
prepared in duplicate with the following additions: 1) no nutrients; ii} nutrients; iii)

glucose + nutrients; and iv) succinate + nutrients.

Because WIPP crushed salt contains viable bacteria adding it to the samples
provided an additional, but integral, source of inoculum. Samples containing WIPP salt
but without inoculum are not true "abiotic” controls. Therefore, reagent-grade NaCl was

added to specific uninoculated samples to serve as abiotic controls.
In order to maintain the desired relative humidity of approximately 70-74%, 3 ml

of G-Seep brine (aw (water activity of the brine) = 0.73) in an unsealed 5 mi glass tube

(1.0 x 7.5 cm) was placed inside the 160 ml serum bottle containing 1 g of mixed

14



cellulose. Upon sealing the sample bottles, the relative humidity was measured using a
Hygroskop GT™ (Rotronic, Zurich) portable humidity meter, the probe of which was
fitted with a rubber seal to allow measurements to be taken inside of an uncapped serum
bottle. The meter was calibrated before use with a standard solution (80% relative
humidity) according to the manufacturer’s specifications. The relative humidity in the

sample bottles (72%) was verified using this method.

Initially aerobic samples were sealed with butyl rubber stoppers and aluminum
crimp seals in an air atmosphere. Anaerobic samples were prepared in a N-filled glove
box, and all components (mixed inoculum, nutrient solutions, and sterile brine) were

flushed with N, before they were added to the sample.

In addition to the above treatments, 1% succinate or glucose was added with the
nutrient amendment to certain samples to determine microbial gas generation under
humid conditions in the presence of a readily metabolizable source of carbon. The ability
of specific microorganisms (i.e., denitrifiers) to grow under such low-moisture conditions
was examined. We point out that WIPP halophiles can function under low-moisture
conditions because they can grow in highly concentrated brine, which has a low water
activity.

Two of the inoculated, succinate-amended treatments (one with bentonite, the
other without bentonite) were incubated with 0.1 atm of acetylene to examine N,O

production from denitrification. Seventy-two samples were incubated at 30 + 2°C.

3.3 Treatments Containing Plastic and Rubber Materials

In this study, we attempt to determine the rate and extent of gas production due to
biodegradation of unirradiated and electron-beam irradiated plastic and rubber materials
under conditions relevant to the WIPP repository. In the case of irradiated materials,
these were accelerated tests because the entire structure of the polymer was altered as
opposed to the effects of alpha-irradiation, which alter only the surface of the polymer.

These samples, therefore, represented “overtest” conditions in terms of overall radiation

15
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dose. The influence of adding nutrients (nitrogen, phosphorus, and yeast extract) on the

extent of biodegradation also was determined.

The plastics examined were polyethylene and polyvinylchloride; the rubber materials

were neoprene and hypalon (leaded and unleaded). These materials were exposed to

electron-beam irradiation at the linear accelerator (LINAC) at Argonne National

Laboratory by Dr. D. Reed, Chemical Technology Division.

The polymer samples

received an absorbed dose of either 500-700 Mrad (low-dose) or 4000-6000 Mrad (high
dose), see Table 5. Tests with unleaded and leaded hypalon did not include a high-dose

irradiation because it caused extensive degradation (melting) of the leaded sample.

Table 5. Irradiation conditions and material characteristics.

Irradiation Conditions (samples irradiated in air):

Polymer Density (giem®) Thickness (mm) Absorbed Dose Absorbed Dose
{Low) Mrad (High) Mrad
Polyethylene 0.92 0.28 500 4,140
Polyvinyichloride 1.30 0.28 700 5,850
Neoprene 123 0.46 660 5,535
Unleaded Hypalon NA NA NA NA
Leaded Hypalon NA NA NA NA
NA - not available
Material Characteristics:
Polymer Unirradiated Low-Dose High-Dose
Polyethylene clear light yellow darker yellow/brittle
_____________________________________________________________________________________ weightloss
Polyvinylchloride clear dark brown/sticky Black/sticky
liquid droplets weight loss
_________________________________________________________ weightloss
Neoprene black loss of flexibility brittle
_________________________________________________________ weightloss weightloss
_.Unleaded Hypalon ___ dullwhite ___browndiscoloration Na
Leaded Hypalon dull white brown discoloration NA

NA = Not applicable

Triplicate samples of unirradiated and low-dose irradiated polymers and duplicate

samples of the material that received high doses of electron-beam irradiation were tested.
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Each polymer was cut into 2 cm’ pieces, the weights were recorded, and the pieces
placed in acid-washed sterilized (antoclaved) 70 ml glass serum bottles. Mean weights
(22 samples for each polymer) were as follows:  Polyethylene (86.1 mg),
Polyvinylchloride (134.6 mg), Neoprene (257.5 mg).

Every sample bottle containing plastic or rubber was filled with 50 ml of a mixture
consisting of 56% G-Seep Brine #10 (collected 12/13/89-1/10/90), 27% WIPP muck pile
salt slurry, and 17% surficial lake brine/scdiment slurry. The salt slurry and
brine/sediment slurry were prepared as previously described. The inundation fluid
differed from that added to the sample bottles containing cellulose; the sample bottles
containing plastic or rubber material were inundated with fluid comprised of 100% mixed
inoculum. The mixed inoculum was used without dilution to increase the proportion of
potential plastic/rubber degrading microorganisms in the experiment. This was done to
provide an additional “overtest” because we expected at the outset that biodegradation
rates potentially would be very low, especially if the same concentration of mixed

moculum (3.8% v/v) was used as in the cellulose experiment.

Samples were incubated either unamended (without added nutrients) or amended
{with nutrients). Table 6 lists the composition of the nutrient addition. The pH of the
nutrient solution was adjusted to 7.0 with NaOH and 2.50 ml of the filter-sterilized

concentrated stock solution was added to the appropriate samples using a calibrated

continuously adjustable pipette (Pipetteman™, Rainin Corp.).

Table 6. Composition of the nutrient amendment.

Nutrient Final concentration (g/L) Final concentration (w/v %)
NH,NO; 0.5 0.1
K;HPO, 0.5 0.1

Yeast extract 0.25 0.05
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Unirradiated, low and high dose electron beam or alpha-irradiated polymers were

treated as follows:

1) Polymer + no nutrients (unamended) + mixed inoculum (one sample each);
11} Polymer + nutrients (amended) + mixed inoculum (triplicate);
iii) No polymer + nutrients (control) + mixed inoculum (triplicate); and

iv) No polymer + no nutrients (control) + mixed inoculum (triplicate).

One set of each treatment detailed above was prepared for each material for aerobic
and anaerobic incubations, giving a total of 87 bottles. The final aqueous sample volume
of the unamended treatments was 50 ml, and 52.5 ml for the amended treatments; the

headspace volume was 20 ml, and 17.5 ml, respectively.

Samples were incubated under initially aerobic and anaerobic conditions in serum
bottles fitted with butyl rubber stoppers and sealed with aluminum crimps. Anaerobic
samples were prepared in a glove box and incubated under a N, atmosphere, whereas
aerobic samples were prepared on the lab bench. We expected that the aerobic samples
would eventually become anacrobic due to consumption of oxygen by acrobic
microorganisms in the sealed bottle. All samples were incubated unshaken (static) at 30
+2°C.

3.4 Gas Analysis

The composition of the headspace gas of each sample was determined over time
and compared to the baseline composition at time zero (t=0). For each sampling, the
serum bottle fitted with a butyl rubber septum was pierced with a sterile 22-gauge needle
(Becton Dickenson) attached to a digital pressure gauge (-5.00 to 35.00 psi (calibrated to
NIST by the manufacturer (Wallace and Tiernan): 0.00 to 35.00 psi), to measure the
hecadspace gas pressure to calculate total gas production. At the same time, the room

temperature was recorded with a thermometer calibrated to NIST.
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Immediately after this, a gas-tight syringe (Pressure-Lok™, Precision Instrument
Corp.) fitted with a stainless-steel side-port needle was used to remove 0.3 ml of
headspace gas to determine the various gases quantitatively by gas chromatography (GC).
A gas-sample valve (Valco Instrument Corp.) equipped with a 100 pl stainless-steel
sample loop was used to introduce reproducible quantities of gas from the syringe into
the gas chromatograph. All analyses were performed according to written procedures

prepared as part of the BNL Quality Assurance Program (QAP).

Carbon dioxide was analyzed using a Varian 3400 gas chromatograph according
to methods detailed in SAND96-2582. Gas production was assessed by examining the
increase in total gas volume over time, in addition CO; is quantitated as an indicator of
microbial activity. The values were measured against the baseline (t=0), or against
control values. For these experiments we prepared the following control samples: 1)
unamended, uninoculated samples; ii) and samples without organic substrate (cellulose or

plastic/rabber material). The gas data in this report are cumulative from t=0.

Methane was determined using a Varian 3400 gas chromatograph equipped with a
flame-ionization detector (FID}. Initially, a 6’ stainless-steel column (1/8” o.d. x 0.085”
i.d.) packed with molecular sieve 5A (Alltech Chromatography Corp.) was used to
resolve CHy from the mixture of gases in the headspace. Additional analyses were
performed using a 10’ stainless-steel column (1/8” o.d. x 0.085” i.d.) packed with
Hayesep D (Alltech) in order to confirm separation and quantitation of CH,. Finally, a 6’
column (1/8” o.d. x 0.085” i.d.) packed with Porapak QS 80/100 (Alltech) was used for
routine separation of CH4 from headspace gases, with a thermal conductivity detector
(TCD) in-line prior to the FID. Three or four-point calibrations were performed using
external standards consisting of methane gas standards certified traceable to NIST (Scott
Specialty Gases). Using this arrangement, the minimum detectable quantity of methane

was determined to be 0.2 nmol CH, g™ cellulose dry wt.
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3.5 Aqueous Metabolite Analysis

Samples from the inundated experiments reserved at t=3561 days incubation for
aqueous chemical analysis were analyzed for organic acids and alcohols by high-
performance liquid chromatography (HPLC; Shimadzu LC-10ATVP and SCL-10A
system controller/SIL-10A autoinjector). The presence of these aqueous metabolites,
produced by bacterial metabolism of cellulose, provides insight into the effect of various
nutrient treatments on the succession of microbial processes. These metabolites may
accumulate and disappear depending upon microbial activity {they accumulate as a result
of fermentation of glucose and they are consumed as electron-donor substrates for iron-
reduction, sulfate-reduction, and methanogenesis). Finally, quantification of these
metabolites provides important information relative to the carbon-balance in the samples,
since cellulose hydrolysis and subsequent metabolism results in both aqueous and
gaseous intermediates and end-products. A 0.25 ml sample was withdrawn from select
samples and diluted to 1.0 ml with deionized water. Analytes were separated by HPLC
using ion-exclusion chromatography where 1) strong and weak electrolytes (NaCl, KNO;)
are eluted unseparated at the beginning of the clution and 2) the retention times of the
organic acids and alcohols are proportional to their dissociation constant values. A
sulfonated macroporous styrene HPLC-column (Biorad Aminex HPX-87H (300 mm x
7.8 mm) was used where analytes with higher pKa values are retained longer on the
column. Acids with larger pKa values and molecular weights than butyric (pKa=4.85,
MW=88.11) are separated by a secondary mechanism, hydrophobic adsorption, which is
a size-exclusion phenomenon. Low-molecular weight carboxylic acids of the form
CH3(CH;).COOH were principally quantified using UV detection at 210 nm (Shimadzu
SPD-10A); alcohols (ethanol, propanol, butanol) and glucose were quantified by
refractive index detection (Shimadzu RID-6A). Retention times using both detection
methods were compared to commercially-prepared standard mixtures (Supelco), and both
detection methods were used for positive identification of analytes. The standards
included the following: 1. volatile acids (formic, acetic, propionic, butyric, isobutyric,
valeric, isocaproic, isovaleric, hexanoic, heptanoic), 2. non-volatile acids (pyruvic, lactic,
oxalacetic, oxalic, methyl malonic, malonic, fumaric, succinic), 3. alcohols (butanol,

pentanol, propanol, ethanol), and 4. glucose.
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3.6 Microbiological Characterization

The predominant microorganisms in select samples from the inundated cellulose
experiment, and differences in community structure which may help to explain difference
in gas generation rates, was assessed by DNA analysis (Pancost et al., 2001; Petsch et al.,
2001; Lehman et al., 2001). For the DNA analysis, polymerase chain reaction (PCR) of
bacterial and archaeal 16S TRNA gene fragments was performed. The PCR products were
then run through denaturing gradient gel electrophoresis (DGGE) to separate fragments
according to their melting propertics. Ethidium bromide stains the fragment bands were
excised and re-amplified by PCR. The PCR product was sequenced using an automated
sequencer and the sequences were identified using the BLASTN facility of the National
Center for Biotechnology Information (NCBI) or the Ribosomal Database Project (RDP).
Four sub-samples were taken at 3447 days incubation from anaerobic inundated samples:
(1) unamended uninoculated, (ii) unamended inoculated, (iii) amended inoculated, and (iv)
amended and inoculated and excess nitrate. A “QA mix” was prepared containing known
halophilic isolates to validate the analysis. This analysis was provided by a commercial
source (Microbial Insights, Knoxville, TN) capable of performing the DGGE and PLFA
analyses. Samples of well-mixed supernatant were also taken after 6 years incubation and
enumerated by direct microscopy using the DNA-specific fluorochrome 1,4-diamidino-2-

phenylindole {DAPI) (Kepner and Pratt, 1994).
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4.0 RESULTS AND DISCUSSION

4.1 Gas Produced in Inundated Cellulose Treatments

Total gas and CO; produced in the inundated experiment are presented in Appendix A,
Table 1-8. A summary of these data is provided in the following figures: i) Figures 1 and
2 present total gas and CO, respectively, produced in initially aerobic inundated
cellulose samples over the course of the experiment, and ii) Figures 3 and 4 present the
same data for anaerobic samples. Table 7 and 8 present the gas generation rates for all
treatments in the inundated experiment. The rates are calculated from single point data at
each time period over 4 different incubation periods: (A) 69-200 days correlates with the
initially rapid rate of gas production (see Figure 1); (B) 200-1228 days incubation
correlates with a period over which the rate began to diminish and is the latest time
period summarized in Francis et al., 1997; (C) 1228-3929 days is the period for which
new data is presented in this report and is the longest-term data and represents the lowest
gas generation rates; finally (D) 69-3929 is the overall gas production rate calculated as a
linear extrapolation between these two time periods. Over 10 years of data is represented
in the rate calculated from 69-3929 days incubation. The overall rate considerably
smoothes the data between the beginning and end of the experiment. This smoothing can
be justified by the 10,000 year repository performance period and therefore may be no
less applicable than the shorter periods. The four rates are provided for comparison of gas

generation in the various treatments.
4.1.1 AEROBIC TREATMENTS WITHOUT BENTONITE

4.1.1.1 Total Gas Production

Aerobic samples are more correctly “initially acrobic samples” since air was sealed in the
headspace of the sample bottles however this was rapidly consumed; only 0.5% v/v O,
was detected in excess nitrate amended samples at 853 days incubation and it is expected

that this was fully consumed soon after in this treatment and in all of the others (Table 6,
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Francis et al., 1997). Unamended uninoculated samples produced a maximum of 0.74
0.45 ml of gas g™ cellulose at 733 days incubation, however there was 0.11 ml of gas g’
at 3929 days incubation. The unamended uninoculated treatment produced gas at a rate of
0.001 ml gas g’ cellulose day™ from 69-200 days (the time period of maximum gas
production in all of the inundated samples); and a rate of 0.0001 ml gas g cellulose
averaged over the entire incubation period (3860 days (10.6 years)). This is in fact the
lowest gas production rate of all of the initially aerobic treatments; this is as expected
since this treatment contains the lowest population of bacteria (G-Seep contains 1.24 +
0.13 x 10° bacterial cells m!™ (Francis et al., 1998)) and was not amended with nutrients.
Unamended inoculated samples produced 0.84  0.10 ml gas g’ cellulose over 3929 days
incubation; this is the maximum that was produced in this treatment at a rate of 0.001 ml
gas g’ cellulose day™” over 1028 days between 200 and 1228 days incubation, and 0.0003
ml gas g7 cellulose day™ over the entire incubation period. The highest rate of gas
production was detected in this treatment during period B (Table 7) indicating a lag
period prior to 200 days due to acclimation of the inoculum to the low-nutrient conditions
in the samples. The mixed inoculum contained 3.89 + 0.08 x 10 bacterial cells mI™ and 4
ml of this was added to each inoculated sample. The addition of the mixed inoculum had
the effect in inoculated samples of doubling the bacterial population relative to
uninoculated samples (the population increased from 1.24 x 10° bacterial cells ml” (in
G-Seep) to 2.7 x 10° cells mlI™! due to the addition of the mixed inoculum). The maximum
volume of gas produced in amended inoculated samples was at 3464 days incubation
(1.71 £ 1.03 ml gas g cellulose (Table 1(c), Appendix A)). The highest rate of gas
production was during period A (0.008 m] gas g"' cellulose day™), indicating the mixed
inoculum was able to immediately take advantage of the added nutrients for metabolism
and growth. Finally, the amended, inoculated samples containing excess nitrate produced
up to 12.2 + 0.0 ml gas g’ cellulose at 1034 days incubation. This treatment had the
highest rate of gas generation throughout (0.023 ml gas g cellulose day™ during period
A, 0.006 ml gas g”' cellulose day™ during period B, and 0.0016 mt gas g cellulose day™
overall). Gas production was not sustained over the long-term, however, with a gradual
diminishment after 1034 days incubation (Figure 1). This trend correlated with CO,

production in this treatment.
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4.1.1.2 Carbon Dioxide Production

Unamended uninoculated samples produced 5.19 + 0.18 pmol CO, g™ cellulose after
3929 days incubation (Table 5(c), Appendix A) at an overall rate of 0.0003 pmol CO, g’
cellulose day™ (Table §). This treatment had the lowest rate of CO; production and
correlated with total gas production. Unamended inoculated samples produced 16.3 + 1.3
pmol CO; g™ cellulose after 3929 days incubation at an overall rate of 0.003 pmol CO; g
! cellulose day™. The overall rate of CO, production was only slightly higher (0.004 pmol
CO; g! cellulose day™) for amended inoculated samples, however the rate during period
A (0.283 pmol g cellulose day™) was 10x higher than unamended inoculated samples
during this same period. This is further evidence of the stimulatory effect of nutrients on
the mixed inoculum population. The overall rate of CO; production in amended
inoculated samples containing excess nitrate was almost 10x higher than amended
inoculated samples, and 186 + 8 umol CO, g™’ cellulose was produced at 1034 days
incubation. These samples contained 162 + 39 pmol CO, g‘1 cellulose at 3929 days,
approximately 10x more CO; than unamended inoculated or amended inoculated samples
at the end of the experiment. The excess nitrate amendment provided a consistently high

rate of CO; production throughout the experiment (Figure 2).
4.1.2 AEROBIC TREATMENTS WITH BENTONITE

4.1.2.1 Total Gas Production

Bentonite provided consistently higher rates of total gas production through periods A
and B in aerobic samples (Table 7). Unamended uninoculated samples produced gas at a
rate of 0.003 ml gas g™ cellulose day™' through period A, with 1.94 ml gas g cellulose
produced at 3464 days. Unamended inoculated samples overall produced gas at a higher
rate in the presence of bentonite (0.0006 ml gas g cellulose day™' vs. 0.0003 ml gas g
cellulose day™ without bentonite). Bentonite increased the rate of gas production greater
than 3-fold in amended inoculated samples during period A (0.028 ml gas g™ cellulose
day™ vs. 0.008 ml gas g’ cellulose day! without bentonite) resulting in a maximum of

8.96 ml of gas produced g™ cellulose at 733 days. The effect of bentonite was not as
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profound in samples containing excess nitrate, with the rate increased by ~1.5-fold during
period A, and 1.4-fold overall (0.0022 ml gas g cellulose day™ vs. 0.0016 ml gas g
cellulose day™ (Table 7)). The yield of gas was 9.95 + 1.01 ml g cellulose at 3929 days
incubation. The predominant effect of bentonite on the excess nitrate treatment was to
sustain gas production; this treatment did not experience a loss in total gas volume as
seen in all of the other aerobic treatments at the end of the experiment (Figure 1 and
Table 2(c), Appendix A).

4.1.2.2. Carbon Dioxide Production

The addition of bentonite resulted in a significant increase in the rate and total amount of
CO; produced in aerobic samples over the course of the experiment. The maximum
amount of CO; produced in unamended vninoculated samples was 11.7 + 0.8 pmol CO;
g cellulose at 2718 days (Table 6(c), Appendix A), this is 2x more than that produced in
the absence of bentonite (5.19 + .18 pmol CO; g cellulose; Table 5(c), Appendix A)
and the greatest amount of CO; produced by any of the uninoculated treatments (acrobic
or anaerobic). The rate of CO, production in unamended uninoculated samples peaked
during period B and was 0.001 pmol CO, g cellulose day™. The rate of CO, production
in unamended inoculated samples peaked during period A, at 0.134 pmol CO; g’
cellulose day™, with a maximum of 77.9 + 13.1 pmol CO,. The maximum amount and
overall rate of CO; production by amended inoculated samples was 175 + 10 pmol CO:
g’ cellulose and 0.030 pmol g cellulose day!, respectively; this is 2x the same values
for unamended inoculated samples. The highest rate of CO; production in any treatment,
aerobic or anaerobic, was seen in aerobic amended inoculated samples containing excess
nitrate plus bentonite: 0.869 umol CO; g”' cellulose day™” during period A (Figure 1).
This treatment also had the third highest overall rate, 0.054 pmol CO, g cellulose day™,

with a maximum of 233 pmol CO; g cellulose produced at 2718 days incubation.
4.1.3. ANAEROBIC SAMPLES WITHOUT BENTONITE

4.1.3.1 Total Gas Production
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Unamended uninoculated samples without bentonite produced the least amount of total
gas of all of the treatments, aerobic or anaerobic, in the experiment (-0.32 m! gas g’
cellulose at 3929 days incubation (Table 3(c), Appendix A), and overall rate of -0.0002
ml gas g’ cellulose day™ (Table 7). This result indicates that the microorganisms in G-
Seep were not able to metabolize cellulose to any significant degree in the absence
oxygen or nutrients. The microorganisms in the mixed inoculum, however, were able to
metabolize organic carbon in the samples, and possibly even degrade some of the
cellulose, as evidenced by the production of 2.60 + 0.46 ml of gas at 3929 days
incubation and an overall rate of 0.0006 ml gas g cellulose day™ in unamended
inoculated samples. The nutrient amendment resulted in the production of 4.32 £ 0.34 m!
of gas g™ cellulose at 733 days incubation in amended inoculated samples, at a rate of
0.021 ml gas g”' cellulose day™ during period A, and 0.0008 m! gas g™ cellulose day™
overall. The highest rate of total gas production of all treatments was seen in excess
nitrate amended samples: 0.039 ml gas g cellulose day™ during period A (Table 7,
Figure 3). This rate was not sustained throughout the experiment, however a total of ~15

ml of gas was produced g of cellulose by 733 days (Figure 3).

4.1.3.2 Carbon Dioxide Production

The rate of carbon dioxide production was lowest in unamended uninoculated samples,
correlating with total gas production (Table 8). In the absence of nutrients, anaerobic
unamended inoculated samples were able to produce 27.4 £ 5.8 umol CO, g cellulose
by the end of the experiment (3929 days), almost 2x more than aerobic samples of the
same treatment. Although the rate of CO; generation during period A was lower for
anaerobic unamended inoculated samples (0.016 pmol CO, g™ cellulose day-1 (Table 8)
than aerobic unamended inoculated samples (0.033 pmol CO; g”' cellulose day™)
showing the stimulatory effect of oxygen on the metabolism of dissolved organic carbon
in the samples. Amended inoculated samples produced 66.9 + 1.1 pmol CO, g™ cellulose
by 2718 days, and samples containing excess nitrate produced 251 = 5 pmol CO; g
cellulose over the same time period. The amount of CO; produced was well correlated

with microbial populations in these samples (Table 9).
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4.1.4 ANAEROBIC SAMPLES WITH BENTONITE
4.1.4.1 Total Gas Production

Bentonite provided nutrients or altemate electron acceptors for gas production in
unamended uninoculated samples, and total gas production peaked at 733 days with
0.762 = 0.492 ml gas produced g cellulose. This amount was lower than that produced
in the same aerobic treatment, but higher than the same anaerobic treatment without
bentonite. There was a very slight stimulatory effect of bentonite on unamended
inoculated samples during period A (0.007 ml gas g cellulose day™ vs. 0.003 ml gas g’
cellulose day ™' in the absence of bentonite), but overall there wasn’t much effect because
of the decreased gas volume at the end of the experiment (gas production peaked at 2.48
+0.31 mi gas g cellulose at 2718 days but then dropped to 1.54 + 0.41 ml gas g
cellulose at 3929 days). Of interest is the decrease in the rate of gas production in
amended inoculated samples with bentonite compared to the same treatment without
bentonite during period A: 0.013 ml gas g cellulose day™ vs. 0.021 ml gas g™ cellulose
day'1 respectively (Table 7). Whereas under aerobic conditions bentonite served to
increase gas production rates and yields early on, under anaerobic conditions the opposite
was true. This may be due to bentonite serving as a pH buffer and source of trace
elements under initially acrobic conditions resulting in an increased rate of gas
production, while under anaerobic conditions the ferric iron in the bentonite was utilized
thus initially lowering the rate of CO; production due to a diversion of electrons to
ferrous iron. This is also supported by the fact that nitrate didn’t have much of a
stimulatory effect on total gas production early-on: anaerobic amended inoculated
samples containing excess nitrate and bentonite produced gas at a rate of 0.025 ml gas g'1
cellulose day™ during period A vs. 0.039 ml gas g’ cellulose day™ for the same treatment
without bentonite (Table 7). Over the long term, and with respect to total gas volume
yields, bentonite had a stimulatory effect probably owing to the presence of ferric iron as
an electron acceptor and ferrous iron as a potential trace element nutrient. The total gas

volume peaked at 18.1 +0.38 ml gas g’ cellulose at 591 days in samples containing
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excess nitrate and this dropped to 10.2 + 0.3 ml gas g™ cellulose at 3929 days incubation
(Table 4(c), Appendix A).

4.1.4.2 Carbon Dioxide Production

Anacrobic unamended uninoculated samples containing bentonite produced the greatest
amount of CO;y of any of the samples of this treatment (aerobic or anaerobic); 10.1 + 8.0
pumol CO; g‘l cellulose were produced after 3929 days incubation (Table 8 {¢), Appendix
A), with CO; production fairly steady and sustained over the course of the experiment
(0.002 pmol g" cellulose day'l during period C, and the same rate overall)(Table 8).
Unamended inoculated samples produced 59.0 = 7.1 pmol CO; g cellulose at 2718 days
incubation, at a rate of 0.057 pmol CO; g™ cellulose day'l during the initial period (A),
followed by gradual leveling off to 0.001 umol CO, g cellulose day at period C. Carbon
dioxide production in amended inoculated samples peaked at 99.4 + 4.4 pmol CO, g
cellulose at 1228 days, with an initial rate (A) of 0.236 pmol CO2 g cellulose day ™, and
0.022 pmol CO; g™ cellulose day™ overall. This rate was less than the same aerobic
treatment and further confirms that bentonite had a greater stimulatory effect on initially
aerobic samples than anaerobic samples. Finally, excess nitrate amended samples had the
longest sustained rapid rate of CO; production as evidence by the high rate of CO,
production during periods A and B: 0.266 and 0.326 pmol CO; g™ cellulose day™,
respectively (Table 8). The was the highest rate of CO; production during period B of any
of the samples in the experiment. The maximum amount of CO- produced was at 733
days (397 + 12 pmol CO, g’ cellulose) with 266 pmol CO, g cellulose detected at 3929
days.
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Figure 1. Total gas produced in initially aerobic samples inundated with brine: unamended (©);

unamended and inoculated (O); amended and inoculated (A); amended, inoculated, plus excess

nitrate (). Closed symbols are samples with bentonite.
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Figure 2. Carbon dioxide produced in initially aerobic samples inundated with brine:

unamended (©); unamended and inoculated (0); amended and inoculated (£\); amended,

inoculated, plus excess nitrate (<>). Closed symbols are samples with bentonite.
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Figure 3. Total gas produced in initially aerobic samples inundated with brine:

unamended (©); unamended and inoculated (O); amended and inoculated (A);

amended, inoculated, plus excess nitrate (). Closed symbols are samples with
bentonite.
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Figure 4. Carbon dioxide produced in anaerobic samples inundated with brine:

unamended (©); unamended and inoculated (O0); amended and inoculated (A);

amended, inoculated, plus excess nitrate (). Closed symbols are samples with
bentonite.
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Figure 5. Photograph of anaerobic samples at 885 days incubation: unamended uninoculated (U-
5) and amended, inoculated + excess nitrate (AINO3-35, liquid was removed for aqueous
metabolite analyses}.

Figure 6. Photograph of anaerobic samples containing bentonite at 885 days incubation:
unamended uninoculated (BU-4) and amended inoculated (BAI-4, liquid was removed for
aqueous metabolite analyses)
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Table 7. Rate of total gas production by inundated samples

Rate calculated over incubation period (days):

Treatment 69 - 200 200-1228  1228-3929 69-3929
(131) (1028) (2701) (3860)
A B C D

ml g cellulose day™

Aerobic

Unamended/Uninoculated 0.001 0.0001 (.00006 0.0001
Unamended/Inoculated -0.001 0.001 0.0002 0.0003
Amended/Inoculated 0.008 0.001 0.000007 0.0004
Inoculated + Excess Nitrate 0.023 0.006 -0.001 0.0016
Anaerobic

Unamended/Uninoculated -0.004 -0.0001 -0.00003 -0.0002
Unamended/Inoculated 0.003 0.002 0.0001 0.0006
Amended/Inoculated 0.021 0.001 -0.001 0.0008
Inoculated + Excess Nitrate 0.039 0.006 -0.001 0.0025
Aerobic+Bentonite

Unamended/Uninoculated 0.003 0.0003 -0.00006 0.0001
Unamended/Inoculated 0.001 0.002 0.0002 0.0006
Amended/Inoculated 0.028 0.002 -0.002 0.0003
Inoculated + Excess Nitrate 0.034 0002 0001 ___________ 0 9022 _____
Anaerobic+Bentonite

Unamended/Uninoculated -0.002 0.0003 0.0001 0.0001
Unamended/Inoculated 0.007 0.002 -0.0003 0.0004
Amended/Inoculated 0.013 0.002 -0.0003 0.0007
Inoculated + Excess Nitrate 0.025 0.011 -0.002 0.0030
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Table 8. Rate of carbon dioxide production by inundated samples

Rate calculated over incubation period (days):

Treatment 69 - 200 200 - 1228 1228 - 3929 69-3929
(131) (1028) (2701 (3860)
A B C D

umoles g'1 cellulose day'l ....................

Aerobic

Unamended/Uninoculated -0.002 0.0004 0.0003 0.0003
Unamended/Inoculated 0.033 0.005 0.001 0.003
Amended/Inoculated 0.283 -0.023 0.0003 0.004
Inoculated + Excess Nitrate 0.484 0.058 0.003 0.034
Anaerobic

Unamended/Uninoculated -(.003 -0.0004 -0.00005 -0.0002
Unamended/Inoculated 0.016 0.008 0.005 0.006
Amended/Inoculated 0.224 0.023 0.002 0D.015
Inoculated + Excess Nitrate 0.422 0.129 0.009 0_(_)_5_ 5 ______
Acerobic+Bentonite

Unamended/Uninoculated -0.016 0.001 0.0005 0.00004
Unamended/Inoculated 0.134 0.047 0.001 0.018
Amended/Inoculated 0.553 0.096 -0.02 0.030
Inoculated + Excess Nitrate 0.869 0.037 0.021 0.054
Anaerobic+Bentonite

Tnamended/TIninoculated -0.005 0.004 0.002 0.002
Unamended/Inoculated 0.057 0.046 0.001 0.015
Amended/Inoculated .236 0.066 -0.005 0.022
Inoculated + Excess Nitrate 0.266 0.326 -0.039 0.069
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Table 9. Enumeration of bacteria in anaerobic inundated cellulose treatments at 6 years
incubation (Francis et al., 1998).

Treatment Number of bacteria/ml
Unamended/Uninoculated 512+341x10°
Unamended/Inoculated 1.59£0.15x 107
Amended/Inoculated 1.62 + 0.07 x 10
Amended/Inoculated + Excess Nitrate 2.24+0.24x 10°
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4.4 Aqueous Metabolite Analysis.

Results of HPLC of initially aerobic and anaerobic inundated samples are presented in
Figures 7-10 and Appendix B, Tables 1-4 (data are the mean of duplicate analyses;
relative standard error was generally <0.5% and is not reported in order to provide a more
organized depiction of the data (i.e., a less lengthy table)). Previous data reported in
SAND96-2582 (1997) are included for comparison. Concentrations of acids are reported
as mM and are scaled from acid concentrations detected in 100 ml of brine containing 5 g
of mixed cellulosics. Conversion of values to organic acid produced per gram cellulose is

accomplished by dividing the concentrations by 5.
4.4.1 AEROBIC TREATMENTS.

The propionic, succinic, formic and lactic acids that were produced in early stages of the
experiment were metabolized by 3561 days (Figures 7 and 8). Formic acid was consumed
in nutrient amended samples, dropping from 2.52 and 3.41 mM at 1228 days to
undetectable at 3561 days in amended inoculated samples and samples with excess nitrate,
respectively (Table 1, Appendix B). Metabolism of formic acid was not complete and
was still detected in unamended samples at 3561 days. Acetic acids accumulated to a
significant extent in amended inoculated samples and samples with excess nitrate, with
an increase from 4.45 to 6.91 mM in the former and 4.43 to 11.0 mM in the later (Table 1,
Appendix B). Linear regression of the entire excess nitrate data set shows that acetate is
produced at a rate of 3.1 uM day”, while this rate was sustained in amended inoculated
samples only until 1228 days and has since leveled off. The predominant effect of
bentonite on aerobic samples was to stimulate the production of acetate in unamended
inoculated samples and decrease the rate and extent of accumulation in samples with
excess nitrate (Figure 8 and Table 2, Appendix B). The organic acid content of initially
aerobic samples was generally lower than anaerobic samples; this is consistent with less
mature fermentative processes in these samples due to the initial bias toward aerobic

respiration.
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4.4.2. ANAERCBIC TREATMENTS.

Organic acid production in anaerobic samples followed similar trends as in aerobic
samples, however lactic, fumaric, formic, and butyric acids accumulated and were
present at 3561 days (Figure 9 and 10). Acetate production in unamended inoculated
samples was steady over 3561 days at a rate of 1.8 uM day”, this is significant relative to
aerobic samples, although similar to aerobic samples with bentonite. Therefore both
anaerobic conditions and bentonite stimulated the activity of the mixed inoculum in the
absence of a nutrient amended. Both acetic (6.99 and 5.21 mM} and butyric acid (6.38
and 5.49 mM) were detected at 3561 days incubation in amended inoculated samples and
samples with excess nitrate, respectively. The accumulation of butyric acid is indicative
of established fermentative microbial processes in these samples. Bentonite had a
profound effect on acetic and butyric acid production in amended inoculated samples:
38.6 and 49.8 mM respectively, were detected at 3561 days (Figure 10 and Table 4,
Appendix B). Significant amounts of isobutyric (50mM) and valeric (39mM), and other
unidentified metabolites were also detected in amended inoculated samples with
bentonite. Bentonite, a source of iron-oxyhydroxides, also stimulated the production of
minor amounts of oxalic and oxalacetic acids (Table 4, Appendix B) as well as formic

and fumaric acids in anaerobic samples.
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ANANO3I

Figure 7. Organic acids produced at 885, 1228, and 3561 days incubation in aerobic treatments without bentonite: U/U=
unamended, uninoculated; U/T=unamended, inoculated; A/l=amended, inoculated; A/1/xNQ3=amended, inoculated + excess nitrate.

AlIINO3

Figure 8. Organic acids produced at 885, 1228, and 3561 days incubation in aerobic treatments with bentonite: U/U=
unamended, uninoculated; U/I=unamended, inoculated; A/I=amended, inoculated; A/I/xXNO3=amended, inoculated + excess nitrate.
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AfINO3

Figure 9. Organic acids produced at 885, 1228, and 3561 days incubation in anaerobic treatments without bentonite: U/U=
unamended, uninoculated; U/l=unamended, inoculated; A/l=amended, inoculated; A/I/’xNO3=amended, inoculated + excess nitrate.

Figure 10. Organic acids produced at 885, 1228, and 3561 days incubation in anaerobic treatments with bentonite: U/U=
unamended, ininoculated; U/l=unamended, inoculated; A/I=amended, inoculated; A/I/XxNO3=amended, inoculated + excess nitrate.
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4.5. Methane Analysis of Inundated Samples.

Tables 10-11 provide data for methane analysis of inundated cellulose samples up to
3462 days incubation. Methane was analyzed by gas chromatography using flame
ionization detection. The minimum detectable quantity is 0.2 nmol CHy g cellulose dry
wt. Methane was first detected in small quantities in most anaerobic samples except those
with excess nitrate (Table 10, 2718 days (7.4 years)). At 3462 days (9.5 years) methane
was still detected in greatest quantity in samples that were not amended with any
nitrogen-containing compounds (NHsNOs, KNO;) specifically the unamended/inoculated
samples. However, for the first time, methane was detected in samples that initially
contained excess nitrate (2.57 + 0.79 nmol CH, g cellulose (w/o bentonite) and 2.81 +
0.16 nmol CH, g cellulose (w/ bentonite)). Although the time to initial production was
lengthy, these samples eventually accumulated methane at a relatively rapid rate: the rate
of methane production was 2.5 pmol CH, g’ cellulose d” in unamended and amended
inoculated samples and 3.45 pmol CHy g cellulose d”' in samples containing excess
nitrate {over 744 days between time 2718 and 3462). Ovefall, the slow rate of CHy
accumulation, relative to CQO,, may be due to the extreme difficulty methanogens have in
metabolizing the substrates such as acetate, CO», and H; (the presence of H, was reported
in SAND96-2582, CO; concentrations are given in Section 4.1 of this report, and acetate
concentrations are reported in section 4.4) under hypersaline conditions due to
bioenergetic constraints {Oren, 1999). The preferred substrate is methylated amine, such
as trimethylamine, commonly found in saline surface waters. Methane was detected in
initially aerobic samples at 3462 days, with those samples that were not amended
producing the largest initial quantities. Production rates range from 0.7 to 1.7 CH, pmol

g cellulose d™.

41



DRAFT

Table 10. Methane produced in anaerobic inundated cellulose samples.

Incubation Time {d)

Sample 1228 2718 3462

(nmol g™ cellulose)

Anaerobic

Unamended nd 3.92+0.27 4.40+0.28
Unamended/Inoculated nd 4,03 +1.38 5.89+1.30
Amended/Inoculated nd 0.85+0.7 2.74+0.90
Amended/Inoc. + nd nd 2.57+0.79
Exc. Nitrate

Anaerobic + Bentonite

Unamended nd 3.84+0.40 4.51+£0.06
Unamended/Inoculated nd 3.52+0.20 4.06=+0.15
Amended/Inoculated nd 1.12+0.03 341 £0.13
Amended/Inoc. + nd nd 281+0.16
Exc. Nitrate

nd = not detected
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Table 11. Methane analysis of initially acrobic inundated cellulose samples.

DRAFT

Incubation Time (d)

Sample 1228 2718 3462
(nmol g cellulose)

Initially Aerobic
Unamended nd 1.25+0.29 1.82 +0.05
Unamended/Inoculated nd 1.10+0.13 1.34+0.03
Amended/Inoculated nd nd 0.84 £0.05
Amended/Inoc. + nd nd 1.27 £ 0.37
Exc. Nitrate
Initially Aerobic + Bentonite
Unamended nd nd 1.59 +£0.47
Unamended/Inoculated nd nd 2.16+0.07
Amended/Inoculated nd nd 0.64 +0.06
Amended/Inoc. + nd nd 1.45+0.26

Exc. Nitrate

nd = not detected
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4.6. Microbiological Characterization

One of the triplicate reserve samples (not used for periodic gas analysis) from the
following anaerobic inundated cellulose treatments were analyzed to identify the
microbial community: i) unamended, uninoculated, ii) unamended, inoculated, iii)
nutrient amended and inoculated, iv) nutrient amended, inoculated, plus excess nitrate. A
fifth sample, consisting of three “known” halophiles (Halobacterium salinarium,
Haloanaerobium praevalens, and Halomonas sp.) was analyzed to verify and validate the
method. Culture-independent methods were used to quantify and identify microorganisms,
specifically denaturing gradient gel electrophoresis (DGGE) analysis (Muyzer et al.,
1993). Figure 11 presents the results of microbiological analysis. Each lettered band in
the figure corresponds to a unique bacterial species; the greater the number of bands the
greater number of bacterial species in the samples. Higher diversity, as determined by a
greater number of microbial species, was correlated with nutrient amendment and
concomitant gas production. Data for the enumeration of bacteria in the treatments after 6
years incubation is presented in Table 9 (data from Francis et al., 1998). One gram-
positive microorganism (genus Clostridium, band A, Figure 9) was detected in the
anaerobic unamended uninoculated treatment; this is of interest given that almost all
halophiles are gram-negative. This treatment is characterized by a low starting biomass
and continual stress induced by lack of abundant electron acceptors. Introduction of
mixed inoculum, but not nutrients, also resulted in dominance by one genus, Halobacter
utahensis (bands B, M, N, and O, Figure 9). In general, abundant nutrient availability
lowers microbial diversity, as has been found in non-saline, low-carbon environments.
Samples from the inundated cellulose experiment are analogous to environments loaded
with highly complex-carbohydrates. Cellulolytic microbial populations associated with
the animal rumen, a very high carbon-loading environment, have been shown to be
diverse (Cho and Kim, 2000). Besides organic carbon availability, Roling et al. (2001)
showed that microbial community structure in a benzene-impacted groundwater
environment was determined by available electron acceptor. Halobacterium, Haloarcula,
Halobacter, and Natranobacterium were found in the nutrient amended, inoculated

treatment ((Four genera) bands C, D, E, P, Q, R, Figure 9); a fairly high diversity and
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unique due to the presence of Natranobacterium. This genus consists of species adapted
to life under hypersaline, extremely alkaline conditions (pH 9-10 such as soda lakes).
Excess nitrate resulted in the esiablishment of Halobacterium, Halobacter, Halococcus,
Natranobacterium, Natranomonas ((Seven genera) bands F, G, H, §, T, U, and V, Figure
9), and unidentified archaca (bands S and V). The known sample resulted in the
identification of three genera, thus verifying the applicability of this technique to
halophilic bacteria: bands I, J (Halomonas sp.); K, L (H. praevalens); and the archaca, H.
salinarium (band W). An obvious limitation of the technique, however, is the size of the
bacterial databases; these are gemerally less populated with environmentally-relevant
isolates, especially extremophiles, and in some instances a positive identification is not

possible (e.g. bands S and V, Figure 5).

45



DRAFT

Amended/Inoculated/Exc. NO5y

Unamended/Inoculated
Amended/Inoculated

o)
[=%
B
[ /4]
-«
=4
:
v,

Unamended/Uninoculated
Unamended/Inoculated
Amended/Inoculated/Exc. NO5”
Known (QA Sample)

Amended/Inoculated

! Sisndand
BWGeGa.1
BWGG-2
BWGGE-3
BWGG4
BWGeGS

. BWeG2
| BWGG3

S
3
&
i
3
F
3

U ENEME ) ewood

.'IrllI”.l.Jl,‘“gl =

".'1.“'""‘ H! i s bt

Bacterial Archaeal

Figure 11. DGGE gel image of amplified primers from a conserved region of bacterial
and archaeal 16S rDNA from the anaerobic inundated cellulose treatments. Banding
patterns and relative intensities of the recovered bands provide a measure of differences
among the communities. Dominant species must constitute at least 1-2% of the total

bacterial community to form a visible band. Labeled bands were excised and sequenced.
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4.6 Gas Produced in Humid Cellulose Treatments

Tables 1-4, Appendix C, provide data for total gas and CO; produced per sample in
initially aerobic humid cellulose samples incubated for 3334 days (9.1 years). All
samples contain 1 g of cellulosic material. Table 5 provides data that has been corrected
to account for CO; produced in the absence of cellulose due to metabolism of any
dissolved organic carbon in the mixed inoculum; the resultant data is reported as CO,
produced per gram cellulose. Table 6-9 provide data for total gas and CO; produced in
anaerobic humid samples incubated for 2945 days (8.1 years); Table 10 provides
corrected data for CO; production in these samples. All data are reported as gas produced
sample™ or g cellulose and are the mean + standard error of the mean of the analysis of
triplicate samples. Samples prepared to determine inoculum viability (succinate or
glucose amended treatments) were not analyzed during every time period. Carbon
dioxide concentrations are the best indicator of microbial activity under humid conditions
and are therefore provided in Figures 13-16. Data in the figures are corrected for CO;

produced in the absence of cellulose, with data provided in Tables 9 and 10, Appendix C.

4.6.1 INITIALLY AEROBIC TREATMENTS

Figure 12 shows samples from the initially aerobic experiment at 399 days incubation; A-
2 was amended with nutrients while BA-3 was amended with nutrients and also
contained bentonite. All samples of the later treatment reached their maximum gas
production at 399 days and a bright red biomass was observed on the bentonite particles.
By the end of the experiment at 3334 days, initially aerobic humid treatments with and
without bentonite had generally entered a period of cessation in gas production (Figure
13 and 14). In the absence of bentonite, CO, production in unamended inoculated
samples peaked at 317 days incubation at 62.0 + 11.4 pmoles CO; g cellulose (Table
9(a), Appendix C) and 0.19 + 0.33 ml total gas sample™’ (Table 1(a), Appendix C)(Figure
11). In amended inoculated samples, CO2 production peaked at 120 days incubation at
28.5 + 1.3 pmoles CO, g™ cellulose (Table 9(a), Appendix C) and -0.21 £ 1.57 ml total
gas sample’ (Table 1(a), Appendix C). Oxygen was consumed during the very early
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stages of the experiment; this accounts for a loss in total gas in the samples. Total gas
volume and CO; concentrations were corrected for gas lost due to sampling (removal of
~1 ml of gas at each time period, or 9.0 ml overall from a ~155 ml headspace volume).
Even with this cormrection, the profile for CO, production shows decreasing
concentrations past the early peaks in production (Figure 13). Some of this loss is also
due to CO; production in the mixed inoculum in the absence of cellulose (see “Control”
treatments, Table 5(a,b), Appendix C). Finally, the 3 ml of G-Seep brine that was placed
in a glass tube in the samples (see Figure 12) was not acidified and CO; could have been
absorbed from the headspace due to reaction with the brine to form carbonic acid and
bicarbonate. Nevertheless, the gas production profiles for samples without bentenite
show that a limited capability for microbial growth on cellulose under initially aerobic
humid conditions (relative humidity = 70%). Similar to it’s effect on inundated samples,
bentonite enhanced gas production under humid conditions. Figure 14 shows this
enhancement; the amended inoculated samples containing bentonite peaked at 399 days
incubation at 1456 + 44 umoles CO, g cellulose (Table 9(a), Appendix C) and 0.02 £
0.24 ml total gas sample™ (Table 2(a), Appendix C). This was ~50x more CO;, produced
g cellulose than in the same treatment than without bentonite. The bentonite alone did
not provide enough organic carbon to account for this excess; in the absence of cellulose,
144 + 4 pmoles of CO,; was produced per sample at 399 days incubation (Control
treatment (salt/inoculum/tube+brine) Table 6(a), Appendix C). After this point, CO, was
lost gradually over time, both in the presence and absence of cellulose. Only unamended
samples containing bentonite continued to produce gas since the start of the experiment at
a fairly steady overall rate of 0.09 umoles CO; g cellulose day™. The activity in this
treatment shows the viability of the microbial community over 9.1 years therefore the
lack of gas production in samples without bentonite, which are relevant to the WIPP

repository environment, is not due to a loss of microbial viability.
4.6.2 ANAEROBIC TREATMENTS

After correcting for gas production in the absence of cellulose (Table 10, Appendix C),

the unamended inoculated samples without bentonite showed 115 = 20 pmol CO, g’
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cellulose at 2945 days and amended inoculated samples showed 21.9 + 3.3 pmol CO; g
cellulose (Figure 15). These values were close to their maximum CO; production of 155
+ 36 umol CO; g cellulose at 2156 days and 32.8 + 1.3 pmol CO; g cellulose at 140
days incubation, respectively. Total gas volumes at these time periods were 2.00 + 1.02
ml sample” (unamended inoculated at 2156 days) and -0.54 + 1.03 ml sample” (amended
inoculated at 140 days). The nutrient amendment had a major impact on CO; production
in anaerobic samples without bentonite, with ~8x more CO; produced in the absence of
nutrients than in their presence (Figure 15). The addition of bentonite enhanced CO;
production under anaerobic humid conditions, with 28x more CO; produced in amended
inoculated samples with bentonite than the same treatment without bentonite. While
nutrients had a detrimental effect on the mixed inoculum under anaerobic humid
conditions, the addition of bentonite served to nullify this effect. In fact, whether or not
nutrients were present, CO, production proceeded similarly (Figure 16). Unamended
inoculated samples with bentonite showed 541 = 135 pmol CO, g cellulose at 2945
days and amended inoculated samples showed 618 + 125 pmol CO, g’ cellulose. It is
important to note that samples that show a larger deviation from the mean generally show
evidence of microbial activity (trending toward positive gas production). The larger
spread in the data is indicative of microbial processes that may be occurring at slightly
different rates in the active samples due to differences in overall microbial population or
metabolic capability. Samples with a smaller variation in values between triplicate bottles

have generally ceased to show additional microbial gas production.
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Figure 12. Initially aerobic humid samples at 399 days incubation : amended (A-2),
amended plus bentonite (BA-3).
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Figure 13. Carbon dioxide produced in initially acrobic humid samples without bentonite.
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Figure 14. Carbon dioxide produced in initially aerobic humid samples with bentonite.
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Figure 16. Carbon dioxide produced in anaerobic humid samples with bentonite.

52



DRAFT

4.7. Analysis of Methane in Anaerobic Humid Samples. Mcthanogenesis is a
potential gas-consuming microbial process that may occur under repository conditions. In
addition, methanogenic bacteria are extremely sensitive to changes in pH, Eh, the
presence of oxygen, and have seldom been found to metabolize complex organic
substrates under hypersaline conditions (Oren, 1999). The entire set of samples from the
anaerobic humid cellulose biodegradation experiment was analyzed for the presence of
methane at 2653 days (7.3 years) incubation. Methane was detected in unamended
inoculated samples with bentonite and amended inoculated samples with bentonite, but
was below detectable (<0.1 nmol ml™) in all other samples. Table 12 summarizes the

results of this analysis.

Table 12. Methane analysis of anaerobic humid samples at 2653 days incubation.

Sample Methane (nmol g cellulose)
Unamended inoculated + bentonite 255+1.2
Amended inoculated + bentonite 32693

Section 4.5 of this report provides data for methane produced under inundated conditions;
in these samples at 3462 days incubation ( 9.5 years), unamended inoculated sample with
bentonite showed 4.51 + 0.06 nmol CHy g cellulose and amended inoculated samples
with bentonite showed 3.41 = 0.13 nmol CH, g cellulose. Under humid conditions, and
in the presence of bentonite, the production of methane appears more favorable; in
unamended samples methane production was 6x greater than under inundated conditions
and almost 10x greater for amended humid samples. This is further evidence of the
stimulatory effect of bentonite on microbial activity and also verifies the presence of
viable methanogenic bacteria which should be capable of methanogenesis in all of the
samples if conditions are favorable. In addition, the maintenance of strictly anaerobic
conditions is verified by methanogenic bacterial activity which cannot occur even in the

presence of trace oxygen (Ramakrishnan et al., 2000) It is possible that methanogenic
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bacterial activity could account for the loss of CO; as seen under initially aerobic
conditions with and without bentonite (Figures 13 and 14), although methane was not

detected in these samples.
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4.8 Gas Produced in Samples Containing Plastic and Rubber Materials.

Total gas and carbon dioxide produced in samples containing plastic (polyethylene (PE)
and polyvinylchloride (PVC)) and rubber materials (neoprene (NE), hypalon (HY), and
leaded-hypalon (LHY)) is presented in Tables 1-10, Appendix D. This data is presented
graphically in Figures 20-29 (data are the mean of duplicate or triplicate analyses (see
Section 3.3)).

Plastic and rubber materials consist of long repeating single bonded carbon chains and
are usually quite resistant to biodegradation. Irradiation causes the polymer to break
down due to free radical formation, in addition there can be cross-linking of the polymer
chain after free radical formation and reduction of the molecular mass of the polymer
(Woods and Pikaev, 1994). Results of experiments presented here sought to examine the
effect of irradiation on the biodegradability of plastic and rubber materials; with total gas,
CO», or CH, production providing evidence of polymer biodegradation. Total gas volume
and the concentration of CO; or CH, in samples containing low- and high-dose irradiated
polymer are compared to baseline concentrations for control samples without polymer or
samples containing unirradiated polymer. Variables that can influence biodegradation,
including atmosphere {(air) or nutrients were tested for each irradiation dose and polymer

material type.

4.8.1 CONTROL (NO POLYMER)

Samples incubated without plastic or rubber material served as controls. These samples
are referred to as “no polymer,” and contained 50 mL of brine composed of 56% v/v G-
Seep, 27% v/v 200 g/L. WIPP salt solution, and 17% v/v Nash Draw lake brinc/sediment
slurry. The samples were incubated without added nutrients (unamended) or with them
(amended). Microbial gas production was detected in both, and was due to metabolism of
dissolved organic carbon and trace inorganic nutrients in the brine inoculum. Gas

analysis of these samples provided the “background” gas production to compare with
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samples containing PE, PVC, NE, HY, or LHY to determine if unirradiated or irradiated

polymer stimulated more production.
4.8.2 POLYETHYLENE

In most cases, total gas production was slightly higher in the presence of PE than in its
absence, regardless of nutrient amendment, radiation dose, or initial atmosphere (Figures
20 and 21). Polyethylene may serve as a substrate for attachment of a biofilm community
thereby providing for effective utilization of dissolved organic carbon and trace mutrients
in the samples; this is evident in total gas and CO; production in unamended samples
(Figure 20 (A), and (C); Figure 21 (A)). Under initially aerobic conditions, unamended
samples containing unirradiated PE produced 64.2 pmoles CQ, sample™, while in the
absence of PE only 19.9 + 1.2 pmoles CO, sample™ was produced. There is no evidence

for degradation of PE as indicated by the production of total gas or CO; in these samples.
4.8.3 POLYVINYLCHLORIDE

Irradiated PVC showed the most obvious changes in characteristics. A viscous residue
was present on the low-dose irradiated PVC, but less prominent on the high-dose
irradiated PVC. Figure 22 (B) shows the inhibitory effect of irradiated PVC on total gas
production under initially acrobic nutrient-amended conditions; this correlates with
Figure 23 (B), where low-dose irradiated PVC had a marked effect on CO; production,
lowering production by 30% relative to samples without polymer. This same effect was
seen under anaerobic conditions, with total gas and CO, production suppressed in
samples containing low-dose irradiated PVC (Figure 22 (C) and 23 (C and D)). The
inhibitory effect of the presence of high-dose irradiated PVC was overcome in
unamended anacrobic samples between 840 and 2612 days incubation (4.9 years)(Figure
23 (C), Table 7, Appendix D). While this observation is based upon one data point, over
this period of time the amount of CO; in sample containing high-dose irradiated PVC
increased 10x, and was 65% greater than the same treatment without polymer. This

phenomenon is difficult to explain based upon gas production alone, however, it is likely
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that irradiation created a substrate at the surface of the PVC film that while initially toxic,
over the long-term and in the absence of nutrients a microbial population was able exploit.
Other than this finding, there is no evidence for degradation of PVC as indicated by the

production of total gas or CO; in these samples.
4.8.4 NEOPRENE

The data for total gas and CO; production in initially aerobic samples containing
neoprene, unamended and amended, show that low- and high-dose irradiated neoprene
supported sustained gas production over the long term (Figure 24 (A and B); Figure 25
(A and B)). Up to 74.6 umoles CO, sample™ was detected at 2612 days incubation in
initially aerobic amended samples containing high-dose irradiated neoprene, with 46.2
pmoles sample™ produced in the same treatment containing unirradiated polymer (Table
8, Appendix D). In samples containing low-dose irradiated neoprene, the effect on CO,
production was the same, although not as great: at 2612 days incubation there was 55.8
pmoles CO, sample™. (17% more CO; than samples with unirradiated polymer). Under
anaerobic conditions, CO; production was initially inhibited in unamended samples
containing high-dose irradiated neoprene (Figure 25 (C), closed triangles). After 840 days
incubation, however, this inhibition was overcome and CO, production recovered to
levels of samples containing unirradiated and without polymer. Unamended samples
containing low-dose irradiated neoprene showed slightly more CO; production after 2612
days incubation (Figure 25 (C), open triangles). The nutrient amendment resulted in
increased and CO; production when high-dose irradiated neoprene was present under
anaerobic conditions; the rate of CO2 production was significant early-on, and this
resulted in the production of 47.8 pmoles CO, sample™ at 2612 days, vs. 31.7 pmoles
CO; sample”! when unirradiated neoprene was present. It is difficult to determine if the
enhanced gas generation in the presence of irradiated neoprene is due to biodegradation
of the polymer back-bone or the creation of readily-metabolizeable organic material
released onto the surface of the neoprene due to the irradiation process. The evidence of
an inhibitory effect (Figure 25 (C), high-dose irradiated neoprene) suggests that a film of
material was deposited on the surface of the polymer that readily interfered with
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metabolism of dissolved organic carbon in the sample. A similar phenomenon was shown
for low-dose irradiated PVC (Figure 23 (C)). Over time, however, this material was
metabolized; the toxicity of this material was decreased when a nutrient amendment was
present (Figure 25 (C)). The radiation dose that the neoprene received was different from
the expected irradiation conditions in the WIPP repository; it is difficult to directly
extrapolate data obtained with this material to conditions expected in the WIPP.

However, the rationale for choosing electron-beam radiation, rather than alpha-irradiation,
was to accelerate damage to the polymers in order to simulate long-term radiation

damage in WIPP.

4.8.5 UNLEADED HYPALON

Figures 26-27 show the results of gas analysis of samples containing unleaded hypalon
under various conditions; irradiation at high-dose rates were not performed. Experiments
involving hypalon, unleaded and leaded, were started at a later date than experiments
with the other polymers. A new mixed inoculum was prepared for the experiments
involving hypalon; the dissolved organic carbon content of this inoculum was most likely
lower than the previous inoculum as evidenced by the smaller amount of total gas and in
some cases CO; produced in samples without polymer or unirradiated material vs. the
same treatment for PE, PVC, or NE (e.g. compare no polymer (open circles) treatment in
Figure 27 (A, B) and Figure 21 (A,B)). Nevertheless, the inoculum was viable as
indicated by gas and CO; production. A greater amount of CO2 was produced when low-
dose irradiated hypalon was present under initially aerobic conditions without a nutrient
amendment (Figure 27(A)) or with a nutrient amendment (Figure 27(B)). Only 25% more
CO; (43.8 £ 7.1 umoles CO; sample'l) was produced under initially aerobic nutrient
amended conditions relative to samples containing unirradiated hypalon or without
polymer; while 33% more CO, (31.1 £ 5.9 umoles CO; sample™) was produced in
samples containing low-dose irradiated hypalon under anaerobic nutrient amended
conditions. In the later case, the effect of the presence of low-dose irradiated hypalon
may become significant only after 6.75 years incubation if CO production continues to

be sustained (Figure 27 (D)).
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4.8.6 LEADED HYPALON

Figures 28-29 show the results of gas analysis of samples containing leaded hypalon.
Absorbed radiation doses >4,000 Mrad resulted in heating and complete destruction of
the leaded hypalon samples; for this reason only low-dose irradiated leaded hypalon was
studied. There was an inhibitory effect of the presence of low-dose irradiated leaded
hypalon on total gas and CO2 production under initially aerobic conditions, with and
without nutrients (Figure 28 (A,B) and Figure 29 (A, B)). Conversely, the presence of
unirradiated leaded hypalon stimulated gas and CO; production when nutrients were
present (closed circles, Figure 28 (B) and Figure 29 (B}). In fact, CO; production in
samples containing unirradiated leaded hypalon was on par with samples containing low-
dose irradiated unleaded hypalon (Figure 27 (B)). There was no significant effect on gas
production when irradiated leaded-hypalon was present under anaerobic conditions
(Figure 28 (C,D) and Figure 29 (C,D).
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Figure 17. Unirradiated and irradiated (low-absorbed dose, and high-absorbed dese)

polyethylene.

Figure 18. Unirradiated and irradiated (low-absorbed dose, and high-absorbed dose)

polyvinylchloride.
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Figure 19. Unirradiated and irradiated (low-absorbed dose, and high-absorbed dose)

neoprene.
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Figure 20. Total gas produced in samples containing polyethylene: aerobic unamended
{A); aerobic amended {B); anaerobic unamended (C); anaerobic amended (D).
No polymer {O), unirradiated (@), low-dose (A), high-dose (A).

62

ORAFT



70
B0
50 ¢
o0
£
a
E a0t
-!."N
S
w 30}
2
[«
£l
20 ¢ I-ﬂ
A
10 +
0 " 1 L
0 720 1440 2160 2880

Incubation Time (Days)

70

60 |

50

umoles COz/'samples

C

0 720 1440 2160 2880
Incubation Time (Days)

70

80

50 ¢

40 |

30

pmoles CO J/samples

20

10

ol

0

70

720 1440 2160 2880

Incubation Time {Days)

pmoles COx/samples

1 1

0

720 1440 2160 2880
Incubation Time (Days)

Figure 21. Carbon dioxide produced in samples containing polyethylene: aerobic
unamended (A); aerobic amended (B); anaerobic unamended (C); anaerobic amended
(D).No polymer (O), unirradiated (@), low-dose (A), high-dose (4A).

63

DRAFT



Am

DRAFT

6 6
5+ 5L
PRa P
Q =8
K E3
@ Ky
82| 32
3 =
S 1 81
o <3
&0 80
€, 1 E,
2} -2
_3 ¢ 1 _3
0 720 1440 2160 2880 0 720 1440 2160 2880
Incubation Time (Days) Incubation Time (Days)
6 6
Sr 5
o 2
= [+
E4 | 4
3 @
3 3
33t 33
g o
o
(L)
5 82
T >
=
1
C 1 D
0 I L 1 D 1 1 1
0 720 1440 2160 2880 0 720 1440 2180 2880
Incubation Time {Days) Incubation Time (Days)
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Figure 24. Total gas produced in samples containing neoprene: aerobic unamended (A);
aerobic amended (B); anacrobic unamended (C); anaerobic amended (D).No polymer
(O), unirradiated (@), low-dose (A), high-dose (A).

66



DRAFT

70

60 |

50

40 |

30

pmoles COz/samples
,,,,moles COz/samples

20

10 ¢

ol ' 1 ‘
0 720 1440 2160 2880 0 720 1440 2160 2880
Incubation Time (Days) Incubation Time (Days)

0

70

-
o

60 |

o)
fr]
T

4, ]
S
T

pmoles COfsamples
B
(=

pmoles COxsamples

0 1 L
0 720 1440 2180 2880 0 720 1440 2160 2880

Incubation Time (Days) Incubation Time (Days)
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4.9 Analysis of Methane Production in Samples Containing Plastic or
Rubber Materials.

Results of methane analyses up to 3070 days (8.4 years) incubation for PE, PVC, and NE
and 2926 (8 years) for HY are summarized in Table 13 (anaerobic treatments only). Over
a period of 2230 days incubation (6.1 years) the concentration of methane in almost all
samples containing polyethylene, polyvinylchloride, and neoprene did not increase but
remained nearly equal to that measured at 840 days incubation. The exception to this was
the unirradiated polyethylene, which increased from 2.14 = 1.52 pmol sample” at 840
days incubation to 2.50 + 0.26 pmol sample™ at 3070 days, however, this does not appear
to be significant. In addition, samples containing hypalon did not show any increase in
methane over 2262 days incubation (6.2 years). The concentrations of methane detected

at 664 and 840 days and at 2926 and 3070 days are extremely consistent indicating that

no further methanogenesis has occurred in these samples. The methane detected is most

likely the result of metabolism of dissolved organic carbon in the mixed
inoculunyinundation fluid, however, additional methane production due to
biodegradation of the polymer is not evident. The inhibitory effect of irradiated PVC
remained after 6.1 years indicating that the degradation products produced due to

irradiation continue to be toxic to the microbial consortium in the samples.
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Table 13. Analysis of methane in samples containing plastic and rubber materials.

Anaerobic Treatment

Incubation Time

T=840 days

T=3070 days

Methane (pmol sample™)

Samples without polymer

(no irradiation)

Unamended 0.91+0.14 0.99 +£0.20
Amended 4.03+0.17 3.65+0.11
Polyethylene
Unirradiated — Unamended 0.85 0.53
Amended 2.14+1.52 2.50+0.26
Low-Dose- Unamended 1.01 0.72
Amended 413 £0.02 304+0.11
High-Dose — Unamended 1.02 0.70
Amended 429 +0.13 1.73+£1.20
Polyvinyichloride
Unirradiated — Unamended 1.27 1.00
Amended 488 +0.11 3.50£0.37
Low-Dose-Unamended nd nd
Amended nd 0.004 + 0.004
High-Dose — Unamended nd 0.01
Amended 0.03 £0.02 0.04 £0.04
"Neoprene T
Unirradiated — Unamended 0.03 0.02
Amended 4.03 £0.22 2.64+£0.34
Low-Dose- Unamended nd 0.01
Amended 3.87+0.23 3.05+0.14
High-Dose — Unamended nd 2.79
Amended 491 +0.04 3.71 £0.01
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Anaerobic Treatment

Incubation Time

T=840 days T=3070 days

Methane (pmol sample™)

Unleaded Hypalon

Unirradiated — Unamended
Amended

Low-Dose- Unamended

Amended

=664 days T=2926 days
nd 0.01

0.02 £ 0.00 0.02 £ 0.01
nd 0.02

0.01 £0.00 0.02 £ 0.01
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Appendix A
Gas Produced in Inundated Cellulose Treatments

Total gas and CO, produced in the inundated experiment are presented in Table 7-14 as
follows (Data are presented as gas volume or CO, produced per gram cellulose, values
‘have been corrected for gas production in the absence of cellulose by subtracting out
control data; data have not been corrected for dissolved CO; and are for headspace
(gaseous) CO; only; errors are + 1 standard deviation with errors on control data summed
with errors on sample data according to the following: reported standard deviation =

V(6> + 6%), where a and b are the standard deviation of control and sample data):
Tables 1(a)-(c): Total volume of gas produced in initially acrobic samples.

Tables 2(a)-(c): Total volume of gas produced in initially aerobic samples with bentonite.
Tables 3(a)-(c): Total volume of gas produced in anaerobic samples.

Tables 4(a)-(c): Total volume of gas produced in anaerobic samples with bentonite.
Tables 5(a)-(c): Carbon dioxide produced in initially acrobic samples.

Tables 6(a)-(c): Carbon dioxide produced in initially aerobic samples with bentonite.
Tables 7(a)-(c): Carbon dioxide produced in anaerobic samples.

Tables 8(a)-(c): Carbon dioxide produced in anaerobic samples with bentonite.
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Table 1(a). Long-Term Inundated Experiment: Total Volume of Gas Produced in Aerobic Samples in the Presence of Cellulose*,

Treatments® Milliliters of Gas Produce/Gram Cellulose
[Brine] Incubation Time (Days)
45 69 104 132 164 200
U. ded/ 0.05 0.02 029 £ 0.19 036 ¢ 0.18 031 £ 018 020 £ 0.1 NA 018 + 0.18
Uninoculated
Unamended/
-0.08 0.01 0.01 £ 0.05 015 = 007 019 £ 0.05 007 £ 005 NA 0341 007

Inoculated

ed/ -0.12 0.03 027 £ 0.14 025 £ 006 0.36 = 0.31 059 + 024 056 + 0.15 086 012
Inoculated

Amended/Inoc. +

. o -0.02 0.02 0.02 £ 017 139 + 0.61 254 + 087 3.33 £ 1.06 402 + 1.21 442+ 0.80

Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = pot analyzed
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Table 1(b). Long-Term Inundated Experiment: Total Volume of Gas Produced in Aerobic Samples in the Presence of Cellulose™*.
Treatments* Milliliters of Gas Praduce/Gram Cellulose
[Bring] Incubation Time (Days)
228 264 207 356 411 481 591
Unamended/ NA NA 043 £ 0.16 NA NA 047 + 047 NA
Uninoculated
Unamended/ NA NA 058+ 0.18 NA NA 054+ 0.00 NA
Inoculated
Am
ended/ 089+ 009 075+ 0.07 116 £ 0.06 114 ¢ 0.10 128+ 0.13 1.26 £+ 0.14 134t 0.1
Inoculated
L+
Amended{[noc 520z 0.38 621+ 0.7 601z 0.77 6.12 £ 0.72 603+ 0.62 6.14 + 0.70 720+ 1.34
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA =not analyzed
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Table 1(c). Long-Term Inundated Experiment: Total Volume of Gas Produced in Aerobic Samples in the Presence of Cellulose*.
Treatments* Milliliters of Gas Produce/Gram Cellulose
[Brine] Incubation Time (Days)
733 B53 1034 1228 2718 3464 3929
Unamended/ 0.74 £ 045 071+ 04 008+ 000 -004: 008  -002% 000 006 0.01 0112 0.04
Uninoculated
Unamended/ 048 0.08 035+ 0.1 036+ 0.1 030+ 007  064% 004 071% 004 084t 010
Inoculated
Amended/
men 147 £ 0.054 1583z 041 159+ 024 142 £ 0.28 1332 0.56 1.71 ¢+ 1.03 144 + 0.28
Inoculated
Amend Lt
o ed;"Inoc 116z 2.1 104 £ 1.71 122+ 0.00 10.3 ¢ 1.54 842+ 1.40 7.15 746 + 0.70
Exc. Nitrate
*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 2(a). Long-Term Inundated Experiment: Total Volume of Gas Produced in Acrobic Samples in the Presence of Cellulose*.
Treatments* Milliliters of Gas Produce/Gram Cellulose
[Brine/Bentonite) Incubation Time (Days)
0 15 69 104 132 164 200
U
namended/ 005 £ 002 002 + 011 -036 + 016  -020 + 010 -043 & 0.06 NA 0.00 * 0.07
Uninoculated
Unamended/ 003 + 006 010 + 002 -018 + 0.04 -030 % 014  -0.62 + 0.10 NA 008 £ 047
Inoculated
Ame
nded/ 025 ¢+ 003 043 1 047 071 = 0.23 1.82 + 0.38 296 + 0.32 407 + 023 438+ 020
Inoculated
L+
Amended{[noc 030 £+ 0.02 085 t 0.02 156 + 0.02 223 % 024 379 £ 0.29 515 = 0.18 607 005
Exc. Nitrate
*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 2(b). Long-Term Inundated Experiment: Total Volume of Gas Produced in Aerobic Samples in the Presence of Cellulose*®.

Treatments* Milliliters of Gas Produce/Gram Cellulose
[Brine/Bentcnite] Incubation Time (Days)
228 264 297 356 411 481 591
Unamended/ NA NA 005 + 045 NA NA 008+ 010 NA
Uninocculated
Unamended/ NA NA 065+ 0.29 NA NA 130 £ 0.50 NA
Inoculated
Amended/ 440 % 032 515+ 045 528+ 058 604+ 074 613+ 079 624+ 082 638 & 0.84
Inoculated
+
Amended/Inoc. 619+ 0.13 833z 0 635+ 022 698+ 029 708+ 035  735% 046 777 065

Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed

82




Table 2(c). Long-Term Inundated Experiment: Total Volume of Gas Produced in Aerobic Samples in the Presence of Cellulose*.
Treatments* Mitiiliters of Gas Produce/Gram Cellulose
[Brine/Bentonite] tncubation Time (Days)
733 853 1034 1228 2718 3464 2929
Unamended/ 106+ 048 104+ 047 029+ 0.1 033+ 013 097+ 026 194 + 021 017+ 0.15
Uninoculated
Unamended/ 102+ 018 124+ 021 141% 02 147+ 022  -0.09+ 004 272+ 143 206+ 0.31
Inoculated
Amended/ 896+ 134 836+ 124  6.144% 010 600+ 0.04 4.02 200+ 050 187+ 081
Inoculated
L+
Amended/Inoc 735+ 077 841+ 082 679+ 077 810+ 075 776+ 2.34 9.08 + 1.37 995+ 1.01
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 3(a). Long-Term Inundated Experiment: Total Volume of Gas Produced in Anaerobic Samples in the Presence of Cellulose*.
Treatments* Milliliters of Gas Produce/Gram Cellulose
[Brine] Incubation Time (Days)
0 45 9 104 132 164 200
Un.amended/ 003 £ 0.09 0.10 = 0.02 040 z 0.03 -0.18 + 0.07 0.04 = 023 NA -0.09 + 0.07
Uninoculated
Unamended/ 004 % 002 100 + 020 022 + 006 -002 % 003 002 + 0.02 NA 059 0.13
Inoculated
Amended/ 008 + 0.02 002 ¢+ 004 052 £ 0.06 066 + 0.28 152 + 0. 215 + 025 227+ 0.16
Inoculated
+
Amended{moa 001 £ 0.03 -012 £ 0.08 0.29 + 0.30 200 x 0.60 101 + 078 404 + 124 544 + 143
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 3(b). Long-Term Inundated Experiment: Total Volume of Gas Produced in Anaerobic Samples in the Presence of Cellulose*.
Treatments® Milliliters of Gas Produce/Gram Cellulose
[Brine] Incubation Time (Days)
228 264 297 356 411 481 591
Unamended/ NA NA .0.15 + 0.07 NA NA 020+ 0.06 NA
Uninoculated
Unamended/ NA NA 0.82 + 0.14 NA NA 1302 0.08 NA
Inoculated
Amended/ 300¢ 021 308+ 020 272+ 016 351+ 022  360% 024
Inoculated

3912 028 400+ 035
Amended/Inoc. +

. 6.862 £ 1.6911 814+ 1.8 900+ 161 1088+ 12 120 086 13.8 % 0.34 142 + 0.59
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 3(c). Long-Term Inundated Experiment: Total Volume of Gas Produced in Anacrobic Samples in the Presence of Cellulose*.

Treatments® Milliliters of Gas Produce/Gram Cellulose
[Brine] incubation Time (Days)
733 853 1034 1228 2718 3464 3929
Unamended/
) 053+ 0.4563 046+ 04 020+ 004 024+ 005 030+ 008 -097+ 023  -032% 018
Uninoculated
Unamended/ 1.866 + 0.08 2041 0.1 219% 0.1 2233 012 245 027 156 0.26 260 0.46
Inoculated
Amended/ 4318+ 03434 396+ 02 387+ 01 378+ 009 421% 004  272% 0.11 2541 069
Inoculated

Amended/Inoc. +

. 1487+ 1.0 125+ 05 126 05 1212+ 04 110+ 043 988 + 052 997+ 079
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 4(a). Long-Term Inundated Experiment: Total Volume of Gas Produced in Anaerobic Samples in the Presence of Cellulose*.
Treatments* Milliliters of Gas Produce/Gram Cellulose
[Brine/Bentonite] Incubation Time {Days)
0 45 69 104 132 164 200
Un.amended/ 008 £ 012 004 ¢t 0.03 0.04 £+ 015 -0.17 1+ 0.08 H.22 £ 010 NA 028 + 0.09
Uninoculated
Unamended/ 003 £ 002 011 % 002 -006 £ 005 016 + 0068 020 * 0.07 NA 0.81% 0.10
Inoculated
Amended/ 011 + 005 005 % 003 019 £ 009 139 & 009 178 + 008 144 % 010  192% 0.18
Inoculated
L+
Amended/Inoc 006 + 002 009 £ 004 023 % 015 078 % 010 168 + 010 219 + 014  352% 028
Exc. Nitrate
*All values have been corrected with specific controls for gas production in the absence of cellulose
NA =not analyzed
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Table 4(b). Long-Term Inundated Experiment: Total Volume of Gas Produced in Anaerobic Samples in the Presence of Cellulose*,

Treatments* Milliliters of Gas Produce/Gram Cellulose
[Brine/Bentonite] incubation Time (Days)
228 264 207 356 411 481 591
Unamended/ NA NA 015 + 0.08 NA NA 016+ 0.08 NA
Uninoculated
Unamended/ NA NA 148 + 0.14 NA NA 142+ 028 NA
Inoculated
Amended/ 248+ 0.16 279+ 026 281+ 0.M 323+ 051 350+ 063 3+ 078 408+ 092
Inoculated
.+
Amended/Inoc 4756 + 0.4141 701% 09 119¢ 15 1369t 117 1586+ 055 164+ 016 181+ 038

Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose

NA = not analyzed
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Table 4(c). Long-Term Inundated Experiment: Total Volume of Gas Produced in Anaerobic Samples in the Presence of Cellulose*.
Treatments*

Milliliters of Gas Produce/Gram Cellulose
rine/Bentonite ncubation Time (Da
Brine/Bentonit Incubation T vs
. 733 853 1034 1228 2718 3464 3929
Unamended/ 0.762 + 0.4922 079+ 05 008+ 0.06 000 004 026+ 0.06 023+ 005 026+ 0.14
Uninoculated
Unamended/ 225+ 019 2253 02 239: 018 2386+ 0.20 248 + 0.31 208+ 0.68 154 & 0.41
Inoculated
Amended/ 333+ 142 412+ 076 3811 067 3618+ 056 372+ 063 272 0.1 275+ 017
Inoculated
.+ '
Amended/Inoc 1761+ 05 166+ 06 159+ 0.6 14.94 ¢ 06 120+ 040 111+ 04 102+ 0.3
Exc. Nitrate
*All values have been corrected with specific controls for gas production in the absence of cellulose
NA =not analyzed
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Table 5(a). Long-Term Inundated Experiment: Carbon Dioxide Produced in Aerobic Samples in the Presence of Cellulose*.

Treatments* Carbon Dioxide {umoles/gram cellulose)

[Brine] Incubation Time (Days)

D 45 69 104 132 164 200

nam
Unamended/ 248 + 040 392 £ 006 421 £ 002 393 £ 002 425 % 002 000 # 000 400 £ 0.02
Uninoculated
Unamended/ 196 + 006 335 % 016 394 + 018 498 * 018 687 + 020 000 + 000 830+ 028
Inoculated

Amended/ 001 t 002 462 % 037 378 £ 129 . 204 : 75 296 + 50 366 + 42 408+ 54
Inoculated

Amended/Tnoc. +

. 0.04 £ 002 6.88 + 0.38 322 + 42 614 % 38 836 * 27 862 £ 4.0 856+ 6.0
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 5(b). Long-Term Inundated Experiment: Carbon Dioxide Produced in Aerobic Samples in the Presence of Cellulose*.

Treatments*

Carbon Dioxide {ymoles/gram cellulose)
[Brine] Incubation Time (Days)
228 264 297 356 411 481 591
Unamended/ 0.00 % 0.00 NA 444 & 0.06 NA NA 420% 0.6 NA
Uninoculated
Unamended/ 0.00 % 0.00 NA 1094 + 026 NA NA 121¢ 0.2 NA
Inoculated
Amended/ 370+ 82 366+ 82 414+ 78 396+ 7.0 380t 76 333+ 7.2 31.8+ 6.6
Inoculated
+
Amended/Inoc. 110+ 7 124+ 10 118+ 11 126+ 16.4 126 £ 19 1251 21 152+ 26
Exc. Nitrate
*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 5(c). Long-Term Inundated Experiment: Carbon Dioxide Produced in Aerobic Samples in the Presence of Cellulose*.

Treatmentis™* Carbon Dioxide (umoles/gram cellulose)
[Brine] Incubation Time (Days)
733 853 1034 1228 2718 3464 3929
Unamended/ 456 + 0.07 467+ 0O 383+ 003 443 006 461+ 014 470+ 016 519+ 0.18
Uninoculated
namend
Unamended/ 1341 0.2 1452 0.1 144 % 0.1 138+ 0.2 162¢ 0.1 129+ 05 163% 1.3
Inoculated
Amended/ 2681 54 2621+ 43 220+ 290 170 24 219 2.1 268+ 35 177+ 18
Inoculated
o
Amended/Inoc 176 & 1 169+ 2 186+ 8 156+ 15 165 + 44 150 44 162+ 39
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 6(2). Long-Term Inundated Experiment: Carbon Dioxide Produced in Aerobic Samples in the Presence of Cellulose*,
1 N L
Treatments* Carbon Dioxide {pmoles/gram cellulose)
[Brine/Bentonite] Incubation Time (Days) | | E
[ A5 159 Y04 32 64 ¥00
!
Unamended/ 152 | | 0.31 1.76 | + [0.10| |4.48 |t |2.36) | 1.76 |+l0.15| |1.82 |+ 0.11 NA 232 +l0.08
Unmoculated
Unamended/ 2.04 |+ 0.58 1.38 |+ |0.16| |4.00]+|0.80] | B8.32 :|0.44] |[11.9|:] 06 NA 215+ |1.2
Inoculated
Amended/ 054 | £] 002 | |612|+1063 |-260£{1.17 | 124 |z 22| |31.4 +/38 |s578 £i12 69.8i¢ [1.2
Inoculated
+
Ame“dedf,lm’c' 0.32 | +| 0.08 3320+ 0.24] [2201+(063] | 272 + 46 |720 /167 | 105 ¢ 9 16|t |6
Exc. Nitrate
*All values have been corrected with specific controk for gas production in the absence of celiulose
NA=notanalyzed | | | | AR N O O
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Table 6(b). Long-Term Inundated Experiment: Carbon Dioxide Produced in Aerobic Samples in the Presence of Cellulose*.

Treatments™ Carbon Dioxide (pmoles/gram cellulose)
[Brine/Bentonite] Incubation Time (Days)
228 264 297 356 411 481 581
Unamended/ NA NA 274 + 0417 NA NA 250 040 NA
Uninoculated
Unamended/ NA NA 359+ 22 NA NA 520+ 26 NA
Inoculated
Amended/ 628+ 1.6 100 2 102: 2 122+ 1 120 2 133¢ 22 138+ 2
Inoculated
137+ 5

Amended/Inoc. +
Exc. Nitrate

1168+ 6 125 1 122+ 6 1282+ 6 128+ 6 128 £ 4.51

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 6(c). Long-Term Inundated Experiment: Carbon Dioxide Produced in Aerobic Samples in the Presence of Cellulose*,
Treatments* Carbon Dioxide {pmoles/gram cellulose)
[Brine/Bentonite] Incubation Time (Days)
733 853 1034 1228 2718 3464 3929
Unamended/ 4026+ 02138 391+ 03 354+ 034 330+ 032 1170+ 080 523% 019 465+ 0.56
Uninoculated
1
Unamended/ 6072 + 3.0 68.4+ 46 699+ 50 696 4.80 739+ 147  779% 131 732 114
Inoculated :
Amended/ 175+ 10 164t 8 140 1 1688 + 11 101 11 101+ 11 114 ¢ 16
Inoculated
+
Amended/inoc. 1363+ 5 142+ 3 1374 1 154+ 7 233+ 5 226 + 56 210+ 58
Exc. Nitrate
*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 7(a). Long-Term Inundated Experiment: Carbon Dioxide Produced in Anaerobic Samples in the Presence of Cellulose*.

Treatments* Carbon Dioxide (pmoles/gram cellulose)
[Brine] incubation Time (Days)
0 45 69 104 132 164 200
Unamended/ 238 & 0.08 374 + 0.03 392 + 0.02 363 % 002 383 + 004 NA 359 & 0.04
Uninoculated
Unamended/ 211 + 004 341 + 004 334 # 002 301 # 014 397 £ 0.10 NA 547 + 0.34
Inoculated
Amended 006 + 0.0 379 + 004 -328 + 071 722 £ 199 182 + 16 242 % 08 260+ 08
Inoculated
.+
Amended/Inoc 047 + 001 429 + 007 610 + 358 197 % 67 258 % 64 454 % B 614+ 82
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 7(b). Long-Term Inundated Experiment: Carbon Dioxide Produced in Anagrobic Samples in the Presence of Cellulose™.

Treatments® Carbon Dioxide (Umoles/gram cellulose)
[Brine]
228 264 297 356 411 481 591
Unamended/ NA NA 353 & 0.04 NA NA 361 005 NA
Uninoculated
Unamended/ NA NA 6.14 £ 0.30 NA NA 9.68 + 0.24 NA
Inoculated
Amended/ 266+ 2.0 336 04 232+ 06 362t 03 432+ 04 444 ¢ 063 444+ 1.0
Inoculated
+
Amended/Inoc. 562 + 136 928+ 86 764+ 88 120+ 13 163+ 13 181t 8 190¢ 4
Exc. Nitrate

*All values have been cotrected with specific controls for gas production in the absence of cellulose

NA =not analyzed
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Table 7(c). Long-Term Inundated Experiment: Carbon Dioxide Produced in Anaerobic Samples in the Presence of Cellulose*.

Treatments* Carbon Dioxide (umoles/gram cellulose)
[Brine] .
733 853 1034 1228 2718 3464 3929
ded/
g:;it:::la:e | 345+ 0.06 339+ 0.0 331: 004 313+ 0.02 820+ 377  456% 026 3002 0.15
namend
l‘}noc;‘;t:;/ 118+ 0.3 128+ 05 140+ 05 139 1.0 240+ 1.7 261+ 2.2 274+ 58
g:::;ﬁf:é 491+ 08 511t 05 520+ 1.0 492+ 08 669+ 1.1 554 + 2.6 544 & 3.5

o+ |
Amended/Inoc 205+ 4 187+ 8 212+ 2 194+ 4 251% 5 236t 42 219+ 75

Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed

98

LAV



Table 8(a). Long-Term Inundated Experiment: Carbon Dioxide Produced in Anaerobic Samples in the Presence of Cellulose*.

Treatments* Carbon Dioxide (umoles/gram celluloss)

[Brine/Bentonite] Incubation Time (Days)

45 69 104 132 164 200
Unamended/ 204 013 098 + 004 092 + 008 064 007 066 + 012 NA 0.22 & 0.09
Uninoculated
Unamended/ 186 + 012 062 % 004 084 : 003 256 + 050 808 + 238 NA 8.28+ 0.20
[noculated
Amended/ 040 + 016 104 + 007 084 % 137 118 + 09 487 + 16 236 = 20 318+ 20
Inoculated
.+

Amended/Inoc 072 & 013 236 034 020 £ 085 580 + 102 1560 + 126 226 + 15 350+ 2.8

Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose

NA = not analyzed
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Table 8(b). Long-Terrn Inundated Experiment: Carbon Dioxide Produced in Anaerobic Samples in the Presence of Cellulose*.

Treatments* Carbon Dioxide (pmoles/gram cellulose)
[Brine/Bentonite]
228 264 297 356 411 481 a91
Unamended/ NA NA 0.84 + 0.15 NA NA 042+ 0.00 NA
Uninoculated
Unamended/ NA NA 150+ 06 NA NA 270t 1.0 NA
Inoculated
Amended/ 250+ 2.20 508+ 2.0 588+ 28 66.8 + 3.0 828+ 54 824+ 54 878+ 50
Inoculated

Amended/Inoc, +

\ 06+ 34 768+ 54 116 £ 10 191 + 24 288 + 16 3260 8 33+ 8
Exc. Nitrate

*All values have been corrected with specific controls for gas production in the absence of cellulose
NA = not analyzed
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Table 8(c). Long-Term Inundated Experiment: Carbon Dioxide Produced in Anacrobic Samples in the Presence of Cellulose*.

Treatments*

Carbon Dioxide (umoles/gram cellulose)
[Brine/Bentonite] Incubation Time (Days)
733 853 1034 1228 2718 3464 3929
Un.amended/ 0.80 + 0.0859 1.00x @ 028+ 01 470+ 4.90 8.72 £ 055 805+ 449 101+ 80
Uninoculated
Unamended/ 429+ 08 455+ 08 526+ 27  5516% 1.40 59+ 7.1 586+ 3.2 577+ 45
Inoculated
Amen
ded/ 851+ 54 962+ 5.1 936+ 52 994 % 44 836+ 82 767+ 3.0 860+ 586
Inoculated
Amended/ +
ended/Inoc 387+ 12 385+ 14 384+ 16 370 14 350 £ 36 325+ 14 266 17
Exc. Nitrate
*All values have been corrected with specific controls for gas production in the absence of cellulose
NA =not analyzed
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Appendix B

Organic Acids Produced in Inundated Cellulose Samples
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Table 1. Organic acids detected in anaerobic inundated cellulose samples (latest data is in bold ( 3561 days incubation)).

Anaerobic Organic Acid (mM)
Treatment &
Incubation Time (days)  Acetic  Butyric = Formic  Fumaric = Lactic = Oxalic  Oxalacetic  Propionic  Succinic
Unamended
885 0.28 nd 0.23 nd 0.05 nd nd nd nd
1228 1.38 nd 1.74 nd 0.14 nd nd nd nd
3561 0.20 nd 0.13 0.01 nd nd nd nd nd
Unamended/Inoculated
885 1.06 nd nd nd 0.29 nd nd nd nd
1228 348 nd nd nd 0.26 nd nd nd nd
3561 6.17 nd nd 0.17 0.50 nd nd 0.02 nd
Amended/Inoculated
885 3.73 0.16 0.48 nd 0.67 nd nd 0.10 nd
1228 3.90 nd 1.02 nd 0.44 nd nd nd nd
3561 6.99 6.38 0.03 0.35 0.02 nd nd 0.20 nd
Amended/Inoculated + Excess Nitrate*
885 nd nd nd nd nd nd nd 0.18 nd
1228 1.90 nd 5.95 nd 1.41 nd nd nd nd
3561 5.21 5.49 3.26 2.94 3.03 0.163 nd 0.43 nd

*Isocaproic acid and two unknown acids with pKa, MW > butyric were detected at significant quantities at 3361 days.
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Table 2. Organic acids detected in anaerobic inundated cellulose samples w/ bentonite (latest data is in bold ( 3561 days incubation)).

Anaerobic + Bentonite Organic Acid {mM)
Treatment &

Incubation Time (days)  Acetic Butyric Formic  Fumaric Lactic Oxalic  Oxalacetic  Propionic  Succinic
Unamended

885 0.20 nd 0.13 nd 0.10 nd nd nd nd
1228 0.40 0.25 0.52 nd 0.06 nd nd nd nd
3561 nd nd 0.54 nd nd nd nd nd nd
Unamended/Inoculated
885 7.78 (.07 0.54 nd 242 nd nd 0.17 0.30
1228 241 nd 0.65 nd 0.26 nd nd nd nd
3561 4,55 nd nd nd nd nd nd nd nd
Amended/Inoculated*

885 6.41 0.59 0.98 nd 2.03 nd nd 0.32 nd
1228 2.54 nd 1.80 nd nd nd nd nd 0.02
3561 38.6 49.8 9.05 5.35 nd 4.04 0.38 nd nd
Amended/Inoculated + Excess Nitrate

885 i2.6 0.97 3.50 nd 20.64 nd nd 4.52 nd
1228 8.36 1.20 15.5 nd 4.90 nd nd 0.13 nd
3561 8.22 nd 9.05 5.35 nd nd 0.06 nd nd

*Isobutyric acid {50 mM), valetic (39 mM), glucose, and three unknown acids with pKa, MW > butyric were detected at significant quantities at 3561 days.
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Table 3. Organic acids detected in initially aerobic inundated cellulose samples (latest data is in bold ( 3561 days incubation)).

Initially Aerobic Organic Acid (mM)
Treatment &

Incubation Time (days)  Acetic  Butyric  Formic  Fumaric  Lactic Oxalic  Oxalacetic  Propionic  Succinic
Unamended

885 0.18 nd 0.39 nd 0.10 nd nd 0.12 0.01
1228 1.30 nd 1.85 nd 0.36 nd nd nd nd
3561 0.10 nd 0.72 nd nd nd nd nd 0.01
Unamended/Inoculated

885 0.07 nd 0.04 nd 0.52 nd nd 0.08 nd
1228 2.01 nd 0.87 nd 0.09 nd nd nd nd
3561 0.36 nd 0.26 nd nd nd nd nd nd
Amended/Inoculated*
885 1.72 0.05 0.26 nd 1.00 nd nd 0.30 0.52
1228 4,45 nd 2.52 nd 0.69 nd nd .20 nd
3561 6.91 nd nd 1.99 nd nd 0.18 nd nd
Amended/Inoculated + Excess Nitrate**

885 1.23 0.09 0.33 nd 0.30 nd nd 0.82 nd
1228 443 nd 341 nd 1.57 nd ad 0.12 nd
3561 11.0 nd nd nd nd nd 0.32 nd nd

*Malonic acid was detected at 3561 days (1.13 mM) and a significant acid (unknown) with pKa, MW>butyric.
**Malonic acid was detected at 3561 days (4.72 mM) and valeric acid (8.82 mM) as weil as two acids of unknown identity (pKa > butyric).
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Table 4. Organic acids detected in initially aerobic inundated cellulose samples w/ bentonite
(latest data is in bold ( 3561 days incubation)).

Initially Aerobic + Organic Acid (mM)

Bentonite
Treatment &

) - Acetic  Butyric  Formic  Fumaric  Lactic Oxalic  Oxalacetic  Propionic  Succinic
Incubation Time (days)

Unamended

885 0.09 nd 0.16 nd 0.04 nd nd nd nd
1228 1.08 nd 2.00 nd 0.10 nd nd nd nd
3561 0.13 0.21 0.63 nd nd nd nd nd nd
Unamended/Inoculated*

885 395 nd 0.23 nd 0.86 nd nd nd nd
1228 3.16 nd 2.02 nd 0.47 nd nd nd nd
3561 5.91 0.11 nd nd 0.13 nd nd nd nd

Amended/Inoculated**

835 4,61 0.20 0.24 nd 0.66 nd nd nd nd
1228 3.66 nd 2.56 nd 1.85 nd nd nd nd
3561 7.70 nd nd nd nd nd 0.17 nd nd

Amended/Inoculated + Excess Nitrate***

885 0.31 nd nd nd nd nd nd nd nd
1228 1.30 nd 0.39 nd 0.06 nd nd nd nd
3561 5.00 nd nd nd nd nd 0.13 nd nd

*Malonic acid was detected at 3561 days (0.45 mM); ** 3561 days - malonic acid, 2.56 mM; *** 3561 days - malonic acid, 0.33 mM
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DRAFT

Appendix C
Gas Produced in Humid Cellulose Treatments

Total gas and carbon dioxide produced in the humid experiment is presented in Table 1-
10 as follows:

Tables 1(a,b): Total gas produced in initially aerobic humid samples without bentonite.
Tables 2(a,b): Total gas produced in initially acrobic humid samples with bentonite.
Table 3: Total gas produced in anaerobic samples without bentonite.

Table 4: Total gas produced in anaerobic samples with bentonite.

Tables 5(a,b): Carbon dioxide produced in initially aerobic humid samples without
bentonite.

Tables 6(a,b): Carbon dioxide produced in initially aerobic humid samples with bentonite.
Table 7: Carbon dioxide produced in anaerobic samples without bentonite.
Table 8: Carbon dioxide produced in anaerobic samples with bentonite.

Tables 9(a,b): Carbon dioxide produced in initially aerobic samples with values corrected
by control samples (corrected for gas production in the absence of cellulose).

Table 10: Carbon dioxide produced in anaerobic samples with values corrected by control
samples (corrected for gas production in the absence of cellulose).
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Table 1(a). Total Volume of Gas Produced in Initially Aerobic Humid Treatments (without bentonite)

Treatments (without bentonite)

Volume of Gas Produced (ml/sample)

incubation Time (Days)

5] 120 317 399 593
Control
Empty bottle 7.15 -0.22 0.28 1.08 1.18
Blank (tube+brine only) 5.74 -2.27 -0.68 0.14 0.52
No cellulose (salt/ inoculum/ tube+bring) 6.23 = 0.09 -2.36 & 0.04 -0.21 = 007 073 £ 0.07 023 + 0.04
Carbon Source: Cellulose Only
Unarended uninoculated 6.87 + 0.1 003 + 1.85 041 £ 0.09 020 + 0.14 012 £ 0.03
Unamended inoculated 7.50 £ 0.33 031 £ 1.62 0.19 *+ 0.33 -061 £ 0.25 031 & 0.05
Amended uninoculated 698 + 0.18 -0.03 + 168 -0.23 &t 0.10 -0.29 + 0.13 0.20 £ 0.10
Armended inoculated 7.3 £ 0.1 021 & 1.57 -0.02 & 018 -0.39 + 0.07 013 £ 017
Carbon Source: Cellulose + Glucose
Amended uninoculated 6.45 + 011 -2.08 0.75 £ 0.00 -0.06 £ 0.21 0.02 £ 0.14
Amended inoculated 7.03 = 0.07 -1.92 = 0.11 0.79 + 033 035 + 0.23 615 + 0.04
Amended uninoculated (RG salt) NA 3.12 199 £ 1.90 -0.80 £ 0.1 -0.34 = 0.33
Carbon Source: Cellulose + Succinate
Amended uninoculated (w/ acetylene) 19.5 NA 0.64 -0.10 1.66
Amended uninoculated (wfo acetylene) 5.15 -2.08 0.98 -0.37 -0.08
Amended inoculated (w/ acetyiene) 12.9 NA 1.17 0.35 -0.34
Amended inoculated (w/o acetylene) 5.88 -2.29 1.27 0.05 0.17

RG salt = reagent grade NaCl was used in this freatment in place of WIPP sait

NA=not analyzed
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Table 1(b). Total Volume of Gas Produced in Initially Aerobic Humid Treatments (without bentonite)

Treatments (without bentonite)

Volume of Gas Produced {ml/sample)

Incubation Time (Days)

804 2553 3009 3334
Control
Empty bottle 2.51 0.73 3.37 1.24
Blank ({tube+brine only) 0.32 -0.89 1.88 -1.18
No cellulose (salt/ inoculum/ fube+bring) 3o+ 022 -0.48 £ 0.87 020 + 0.02 -0.62 = 0.05
Carbon Source: Cellulose Only
Unamended uninoculated 110 + 017 0.77 £ 0.16 3.84 0.28 -0.73 £ 012
Unamended inoculated 128 + 0.25 115 = 0.39 291 = 049 096 + 014
Amended uninoculated 0.50 + 0.21 1.26 + 024 212 + 0.38 -0.73 = 0.07
Amended inoculated 077 + 018 091 = 012 133 = 027 046 £+ 040
Carbon Source: Cellulose + Glucose
Amended uninoculated 013 & 0.28 105 + 022 110 = Q.77 NA
Amended inoculated 050 = 0.22 116 £ 0.00 131 £ 040 NA
Amended uninoculated (RG salt) 0.18 + 040 287 £ 099 209 + 029 NA
Carbon Source: Cellulose + Succinate
Amended uninoculated (w/ acetylene) -0.10 1.98 1.05 NA
Amended uninoculated (wfo acetylene) 0.72 0.74 0.22 NA
Amended incculated {w/ acetylene) -0.10 NA NA NA
Amended inoculated (w/o acetylene) 0.72 218 1.25 NA

RG salt = reagent grade NaCl was used in this treatment in place of WIPP salt

NA=not analyzed
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Table 2(a). Total Volume of Gas Produced in Initially Aerobic Humid Treatments (with bentonite)

Treatments (with bentonite)

Volume of Gas Produced {ml/sampie)

Incubation Time {Days)

8 120 M7 399 593
Conirol
Empty bottle 7.15 -0.22 0.28 1.08 1.19
Blank (tube+brine only) 5.74 -2.27 -0.68 0.14 0.52
No cellulose (salt/ inoculum/ tube+brine) 725 & 0.03 -242 + 0.08 042 = 0.07 052 + 0.18 033 = 0.04
Carbon Source: Cellulose Only
Unamended uninoculated 567 = 0.00 1.03 £ 1.4 -062 £ 017 -0.39 + 0.15 0.31 £ 0.05
Unamended inoculated 6.35 + 048 -0.59 + 1.52 011 £ 013 -0.40 + 0.08 006 £ 0.12
Amended uninoculated 6.09 = 0.00 0.08 + 1.85 0.01 £ 0.13 -0.15 £ 0.13 011 £ 0.05
Amended inoculated 781 £ 0.26 078 £ 1.56 035 + 0.31 0.02 + 024 011 = 0.14
Carbon Source: Cellulose + Glucose
Amended uninoculated 6.35 £ 0.04 -1.98 -1.45 & 029 -0.09 + 025 0.07 + 0.07
Amended inoculated 729 £ 0.1 -1.45 + 0.07 -0.42 £ 0.07 023 = 0.11 6.20 £ 0.04
Amended uninoculated (RG salt) NA 2.60 178 t 1.57 -0.82 + 0.1 013 £ 004
Carbon Source: Cellulose + Succinate
Amended uninoculated (wf acetylene) 18.7 NA 0.74 -0.15 0.07
Amended uninoculated (w/o acetylene) 5.56 -1.98 1.71 -0.76 0.27
Amended inoculated (w/ acetylene) 18.0 NA 2.00 0.05 0.10
Amended inoculated {wfo acetylene) 6.82 -2.29 2.30 0.67 -0.11

RG salt = reagent grade NaCl was used in this treatment in place of WIPP salt

NA=not analyzed
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Table 2(b). Total Volume of Gas Produced in Initially Aerobic Humid Treatments (with bentonite)

Treatments (with bentonite)

Volume of Gas Produced {ml/sample)

Incubation Time {Days)

804 2553 3009 3334
Control
Empty bottle 2.51 0.73 3.37 1.24
Blank {tube+brine only) 0.32 -0.89 1.88 -1.18
No cellulose {salt! inoculum/ tube-+brine) 168 + 095 147 = 0.51 1.11 & 0.48 -0.80 = 0.14
Carbon Source: Cellulose Only
Unamended uninoculated -0.01 £ 010 1.36 £ 0.25 467 t 034 221 + 0.16
Unamended inoculated 002 + 032 105 & 0.30 239 + 069 076 + 0.15
Amended uninoculated 019 + 0.27 205 + 099 136 + 0.29 -0.46 £ 0.03
Amended incculated 0.51 =+ 019 1.15 + 0.18 043 &+ 0.48 0.02 = 0.00
Carbon Source: Cellulose + Glucose
Amended uninoculated 1.03 £ 0.76 141 + 040 338 £ 076 NA
Amended inoculated 128 t 0.83 120 + 0.04 NA NA
Amended uninoculated (RG salt) 159 + 0.76 1.26 + 0.37 406 = 0.22 NA
Carbon Source: Cellulose + Succinate
Amended uninoculated (w/ acetylene) -0.63 1.46 2.18 NA
Amended uninoculated (w/o acetylene) -0.33 0.84 2.30 NA
Amended inoculated (w/ acetylene) 0.55 NA NA NA
Amended inoculated (w/oc acetylene) 1.16 0.74 -0.19 NA

RG salt = reagent grade NaCl was used in this treatment in place of WIPP salt

NA=not analyzed
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Table 3. Total Volume of Gas Produced in Anaerobic Humid Treatmenis (without bentonite)

Traatments (without bentonite) Total Volume of Gas Produced (mlisample)
Days
8 100 140 415 2156 2616 2945
Contraf
Empty bottte 788+ 059 462+ 054 3.61 + 0.66 201 £1.04 0.72 0.29 251 + 046
Blank (tube+brine only) 685+ 0338 381z 034 2.80 £ 0.27 0.37 £ 1.02 -0.89 NA -085 + 0.1
No cebulose (salf inoculum/ tube+brine) 549 + 0.04 3.07 & 0.07 1.56 + 0.63 2,76 + 0.88 5.53 233 -0.57 + 093
Carbon Source: Cellulose Only
Unamended unincculated 733 + 080 159 + 1.25 0.01 + 1.07 -2.26 £ 017 0.09 2 018 251 & 059 064 + 073
Unamended inoculated 949 + 045 240 x 123 117 £ 1.39 -028 + 1.23 2.00 + 1.02 142 + 056 -0.50 + 0.31
Amended uninoculated 750 + 013 093 + 125 -0.92 + 112 -1.87 £ 0.24 1.70 £ 108 186 £ 1.01 057 £+ 074
Amended inoculated 764 t 037 0.8% + 069 054 + 1.03 -1.07 £ 1.15 043 + 0.00 019 + 0.15 148 + 1.14
Amended inoculated (w/ acelylene) 204+ 0.1 166 06 14.95 £ 0.48 715 + 5.15 0.32 + 008 025+ 023 NA
Carbon Source: Celluiase + Glucose
Amended uninoculated 6.55 + 0.63 382 + 073 207 + 0.66 -0.51 + 0.44 250 + D62 157 ¢ 0862 NA
Amended inoculated 7.18 + 0.04 483 + 011 177 + 1,10 0.68 £ 1.90 327 + 1.74 234 + 189 NA
Amended unincculated (RG salt) 6.60 + 0.00 235 + 1.80 0.18 + 2.28 0.09 = 148 383 z 0.51 127 + 0.5 NA
Carbon Source: Cellulcse + Succinate
Amended uninoculated (w/ acetylena) 189+ 041 108z 441 3.66 ¢ 1.90 811 £ 524 NA 1.60 NA
Amended uninoculated {w/o acetylene) 630 0.19 450+ 029 421 £ 0.37 249 + 1.80 8.69 NA NA
Amended inoculated (w! acetylene} 187+ 0.1 727+ 683 6.83 + 6.43 6.46 + 432 570 £ 319 3.25 NA
Amended inoculated (wio acetylene) 56712 0.04 1702 172 0,67 = 1.71 246 2 161 7.05 NA NA
RG salt = reagent grade NaCl was used in this treatment in place of WIPP gait
NA=not analyzed
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Table 4, Total Volume of Gas Produced in Anaerobic Humid Treatments (with bentonite)

Treatmenis (with benionite) Total Volume of Gas Produced (ml/sampla}
Days
6 100 140 415 2156 2616 2045
Control
Empty bottle 798+ 059 462 + 054 3.61 + 0.66 201 £ 1.04 0.72 0.29 251 £ 048
Blank (tube+brine only) 685+ 038 381 ¢ 0.34 2.80 + 0.27 0.37 ¢ 1.02 -0.89 nfa 085 £+ 0N
No cellulose (salt/ inocutum/ ube+brine) 6.18 + 019 460 * 037 0.87 £ 1.85 1.93 £ 0.37 -1.79 0.78 083 £ 0.1
Carbon Source: Cellulose Only
Unamended uninoculated 7.22 + 0.25 291 + 080 140 + 1.22 -0.65 £ 1.05 0.98 + 052 -1.04 £ 028 000 £ 079
Unamended inoculated 663 + 0.03 636 £ 1.22 586 £ 3.11 11.22 + 542 637 + 206 059 + 0.62 -3.09 + 0.50
Amended uninoculated 6.18 + 0.08 372 = 0.51 1.57 = .11 -0.79 £ 1.06 1.05 = 0.47 292 ¢ 056 -1.24 £  0.63
Amended inoculated 6.81 + 012 104 + 1.7 15.31 £ 1.70 §.60 + 2.97 258 + 149 152 + 0.20 219 + 118
Amended inocufated (w/ acetylena) 18.2 0.3 172 + 0.3 16.54 + 0.74 7.32 £+ 511 8.16 + 4.20 622 &+ 244 NA
Carbon Source: Celiulose + Glucose
Amended uninoculated 718 + 004 318 + 1.10 -0.39 + 0.77 -1.91 £ 0.00 0.19 -0.43 NA
Amended inoculated 6.97 + 011 979 * 3.73 T.87 £ 4.78 746 + 682 773 + 482 773 £ 453 MNA,
Amended uninoculated (RG salt} 718 + 014 551 & 0.04 3.27 = 0.29 243 = 095 623 £ 1.15 501 + 094 NA
Carbon Source: Cellulase + Succinafe
Amended uninoculated (w/ acetylene) 199+ 04 836 214 4.75 £ 3.05 -1.54 + 0.03 234 2 0862 151 + 010 NA
Amended uninaculated (w/o acetylene) 791+ D48 426+ 110 3.20 £+ 1.03 3.86 ¢ 0.24 337 & 203 286 + 1.60 NA
Amended inoculated (w/ acetylene) 196+ 0.1 167+ 05 8.59 + 4.01 5.36 = 5.00 10.04 1.45 NA
Amended inoculated (w/o acetylene) 6761+ 0.18 102+ 03 10.41 ¢ 1.22 384 + 194 -0.53 0.50 NA
RG satt = reagent grade NaCl was used in this treatrment in place of WIFPP salt
NA=not analyzed
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Table 5(a). Production of Carbon Dioxide in Initially Aerobic Humid Treatments (without bentonite)

Treatments (without bentonite)

Carbon Dioxide {pmoles/sample)

Incubation Time (Days)

6 120 317 369 593
Controf
Empty bottle 4.05 4.97 4.96 4.94 4.87
Blank (tube+brine only) 4,18 4.64 4.54 463 3.00
No ceilulose (salt / inoculum/ tube+bring) 793 ¢ 019 140 = 0.4 107 + 0.3 921 + 0.06 6.28 = 0.22
Carboen Source: Cellulose Only
Unamended uninoculated 745 t 0.21 107 £ 0.2 122 £ 0.7 122 + 0.9 112 £ 15
Unamended inoculated 1.7 + 01 560 44 726 + 114 655 ¢+ 115 453 £ 841
Amended uninoculated 140 + 1.1 281 + 08 241 + 18 229 t 286 174 t 341
Amended inoculated 359 £ 13 424 t 15 31 24 248 t 29 147 = 24
Carbon Source: Cellulose + Glucose
Amended uninoculated 127 £ 04 32.7 387 + 06 386 + 1.2 350 ¢ 3.07
Amended inoculated 283 + 16 183 t 98 236 £+ 140 166 + 96 798 t 398
Amended uninoculated (RG salt) NA 36.0 448 £ 01 465 = 01 474 = 2.6
Carbon Source: Cellulose + Succinate
Amended unincculated (w/ acetylene) 15.1 NA 28.8 277 21.0
Amended uninoculated (wfo acetylene) 16.7 26.0 227 19.7 14.4
Amended inoculated (w/ acetylena) 14.5 NA 1384 1450 1470
Amended inoculated (w/o acetyleng) 15.8 42.4 40.0 38.2 295
RG salt = reagent grade NaCl was used in this treatment in place of WIPP salt
NA=not analyzed
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Table 5(b). Production of Carbon Dioxide in Initially Aerobic Humid Treatments (without bentonite)

Treatments {without bentonite)

Carbon Dioxide (umoles/sample)

Incubation Time {Days)

804 2553 3009 3334
Conftrol
Empty bottle 2.71 2.68 294 3.07
Blank {tube+brine only) 2.76 2.74 3.50 3.48
No cellulose (salt / inoculum/ tube-+bring) 361 x 0.18 3.55 + 0.20 2.89 £ 0.08 287 ¢+ 0.00
Carbon Source: Cellulose Only
Unamended uninoculated 896 £ 1.82 873 £ 243 740 £ 1.66 599 + 1.14
Unamended inoculated 276 53 12 £ 3.26 104 + 268 896 + 2.4
Amended uninocutated 122 & 27 6.08 £ 178 6.23 + 1.88 594 + 1.88
Amended inoculated 8.21 + 1.75 448 + 1.09 3.96 + 056 3.356 £+ 0.29
Carbon Source: Cellulose + Glucose
Amended uninoculated 265 + 45 2983 t 584 284 + 10 NA
Amended inoculated 282 + 90 91 + 146 B41 + 277 NA
Amended uninoculated (RG salt) 394 + 586 56.81 £ 3.99 610 = 5.8 NA
Carbon Source: Cellufose + Succinate
Amended uninoculated {(w/ acetylene) 16.8 2212 NA NA
Amended uninoculated (w/o acetylene) 7.06 475 3.25 NA
Amended inoculated (w/ acetylene) 1270 NA NA NA
Amended incculated (w/o acetylene) 236 16.86 11.3 NA

RG salt = reagent grade NaCl was used in this treatment in place of WIPP salt

NA=not analyzed
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Table 6(a). Production of Carbon Dioxide in Initially Aerobic Humid Treatments (with bentonite)

Treatments (with benfonite) Carbon Dioxide {umoles/sample)
Incubation Time (Days)
6 120 317 399 593
Control
Empty bottle 4.05 4.97 4.96 4.94 4.87
Blank {tube+tbrine only) 4.18 4.64 4.54 4.63 3.00
No cellulose (salt / inoculum/ tube+brine) 342 £ 08 164 = 1 168 + 8 144 £ 4 891 + 08
Carbon Source: Cellulose Only
Unamended uninoculated 915 & 0.58 121 = 08 132 £ 06 131 £ 03 11.0 £ 0.5
Unamended inoculated 207 + 0.0 172 % 273 + 25 268 t 44 219 = 61
Amended uninoculated 152 = 0.9 522 + 1.8 499 + 1.1 451 + 24 332 + 42
Amended inoculated 537 & 24 1030 & 80 1620 £ 30 1600 = 40 1520 = 40
Carbon Source: Cellulose + Glucose :
Amended uninoculated 148 & 05 46.2 590 + 364 625 + 394 694 + 438
Amended incculated 449 t 26 1590 + 40 1240 £ 20 1250 = 160 1240 + 240
Amended uninoculated (RG salt) NA 385 509 £ 1.3 546 + 24 557 & 6.7
Carbon Source: Cellulose + Succinate
Amended uninoculated (w/ acetylene) 229 NA 50.0 50.8 46.1
Amended uninoculated (w/o acetylene) 21.7 47.7 50.4 46.8 43.6
Amended inoculated (w/ acetylens) 385 NA 1430 1470 1540
Amended inoculated (wfo acetylene) 52.8 1130 1460 1500 1520

RG salt = reagent grade NaCl was used in this treatment in place of WIPP salt
NA=not analyzed
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Table 6(b). Production of Carbon Dioxide in Initially Acrobic Humid Treatments (with bentonite)

Treatments (with bentonite)

Carbon Dicxide {umoles/sample)

Incubation Time (Days)

804 2553 3009 3334
Control
Empty bottle 271 2.68 2.94 3.07
Blank (tube+brine only) 276 274 3.50 3.48
No cellulose (salt / inoculum/ tube+brine) 423 + 3.0 1613 + 4.52 136 ¢ 4 106 = 25
Carbon Source: Celluiose Only
Unamended uninoculated 9.82 + 0.15 998 + 1.15 105 *+ 03 102 £ 0.3
Unamended inoculated 184 £ 76 233 £t 152 258 £ 180 311 & 228
Amended uninoculated 231 = 55 221 = 6.29 151 £ 6.9 12.0 & 6.0
Amended inoculated 1470 + 40 1059 + 207 858 £ 219 626 + 250
Carbon Source: Cellulose + Glucose
Amended uninoculated 631 & 401 538 £ 263 505 £ 27.5 NA
Amended inoculated 816 t 355 964 + 230 nfa NA
Amended uninoculated (RG salt) 457 1+ 86 820 % 37.0 90.7 + 453 NA
Carbon Source: Cellulose + Succinate
Amended uninoculated (w/ acetylene) 38.9 27.8 27.7 NA
Amended uninoculated (w/o acetylene) 37.3 340 303 NA
Amended inoculated (w/ acetylene) 1460 NA NA NA
Amended inoculated {w/o acetylene) 1400 631 320 NA

RG salt = reagent grade NaCl was used in this treatment in place of WIPP sailt

NA=not analyzed
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Table 7. Production of Carbon Dioxide in Anaerobic Humid Samples (without bentonite)

Treatments (without bentonile)

ymoles CO./Sample

Days
B 100 140 415 2156 2616 2945
Control
Emply bottle 0.00 + 0.00 0.68 + 048 134 + 095 0.00 + 0.00 4.13 1.84 180 =+ 0.09
Blank (tube+brine anly) 000 + 0.00 032 + 022 0.00 + 0.00 0.00 £ 0.00 2.14 2.39 237 2 Q04
8alt / inoculum/ tube+brine (no cellulose) 360 £ 0.01 580 = 0N 763 £ 1.08 164 + 06 8.35 6.81 538 * 197
Carbon Source: Celluiose Only
Unamended uninoculated 4.07 + 0.09 544 = 0.10 622 ¢ 082 B.05 £ 0.18 158 + 046 177 + 03 165 = 08
Unamended Inoculated 11.3 ¢ 012 259 t 38 361 £ 7.0 89.0 t 244 163 + 36 142 ¢+ 28 120 ¢ 20
Amended uninoculated 334 t 0.22 343 t 144 398 + 089 323 t 15 135 + 276 32 £+ 70 251 8.0
Amended inoculated 169 + 115 364 t 08 404 + 08 347 + 049 182 + 1 338 + 140 273 2.7
Amended inocutated (w/ acefylens) 137 £ 13 385+ 22 427 + 25 61.0 + 16.9 47.3 + 17 765 = 2740 n/a
Carbon Source: Cellulose + Glucase
Amanded uninoculated 334 & 027 235 t 16 313 £+ 0.0 386 t 21 429 t 52 549 & 889 NA
Amended inoculated 177 + 047 398 £ 0.2 422 + 09 418 £ 42 528 1 108 589 + 122 NA
Amended uninoculated (RG salt) 407 + 037 198 + 24 289 t 06 263 £ 28 478 + 123 482 + 197 NA
Carbon Source: Cellufose + Succinate
Amended uninoculated (w/ acetylene) 321 + 004 225 £ 08 294 t 25 288 ¢ 30 NA 338 + 72 NA
Amended uninoculated (w/o acetylene} 319 + 018 214 £ 0.2 2789 £ 05 341 t 258 984 NA NA
Amended inoculated (w/ acetylene) 135 £ 07 781 £ 334 123 + B3 308 £ 175 998 133 % 79 NA
Amended inoculated (w/o acetylens) 148 = 02 60.5 + 16.0 106 = 21 328 + 78 1034 NA NA
RG salt = reagent grade NaCl was used in this treatment in place of WIPP salt
nfa =not analyzed
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Table 8. Production of Carbon Dioxide in Anaerobic Humid Samples (with bentonite)

Treaiments (with bentonife) pumoles CO./Sample
Days
8 100 140 415 2156 2616 2945
Control
Emply bottle 0.00 £ 0.00 068 t 048 134 + 095 000 = 0.00 4.13 1.84 180 =+ 0.09
Blank (tube+bring only) 000 &+ 0.00 032 + 022 ¢.00 + D.00 0.00 + 0.00 214 2.39 237 + 004
Salt / inoculum/ tube+brine {no cellulose) 142 = 051 366 + 6.1 398 + 55 5186 ¢t 34 93.8 59.21 = 141 639 + 118
Carbon Source: Cellulose Only
Unamended uninoculated 504 = 0.15 121 + 32 144 + 38 265 89 376 £ 191 705 t 36.4 807 + 406
Unamended inoculated 203 + 02 937 + 28 186 + 6 434 + 39 483 t 133 650 t 175 605 134
Ameanded uninoculated 665 + 0.80 382 £ 15 455 + 15 496 £ 16 417 t 3.2 703 + 43 671 ¢ 10.1
Amended inoculated 322 + 11 250 + 30 473 & 25 442 + 152 b54 + 357 732 + 47 682 + 124.0
Amended inoculated (w/ acetylene) 268 = 0.7 940 + 186 123 + 30 251 + 92 558 + 270 609 t 273 NA
Carbon Source: Cellufose + Glucose
Amended unincculated 6.71 + 0.12 445 + 02 531 & 04 643 & 1.0 177 201 = 4 NA
Amended inoculated 314 + 07 396 = 13 487 1 1 584 + 28 754 + 94 641 + 16 NA
Amended uninoculated (RG salt) 528 + 045 459 + 07 551 % 14 749 + 22 178 £ 3 200 + 1 NA
Carbon Source: Cellulose + Succinate
Amended uninoculated (w/ acetylene) 577 + 060 000 + Q00 415 & 31 %7 + 09 485 + 05 750 + B3 NA
Amended uninoculated (w/o acetylens) 858 £ Q.74 491+ 16 515 £ 10 540 + 20 794 + 34 448 & 06 NA
Amended inoculated (w/ acetylene) 277 + 0.27 703 t 27 114 + 0 324 + 30 447 568 NA
Amended inoculated (w/o acetylene} 280 t 082 237+ 2 M7 £ 6 516 & 0 1356 244 £ 110 NA
RG sall = reagent grade NaCl was used in this treatment in place of WIPP salt
NA=not analyzed
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Table 9(a). Carbon Dioxide Produced in Initially Aerobic Humid Treatments

Treatments Carbon Dioxide {ymoles/ gram cellulose)
without benfonite Incubation Time (Days)
120 317 399 5893
Control
Na cellulose (salt/ incculum/ tube+bring) 7.93 0.19 140 £ 01 10.7 £+ 0.3 821 + 0.06 638 + 0.22
Carbon Source: Ceilulose
Unamended inoculated 1.7 0.1 6.0 % 44 726 £ 114 655 £ 1156 453 ¢ 81
Amended inoculated 3549 1.3 424 £ 1.5 311 + 24 248 ¢ 29 147 & 24
Unamended inoculated (corrected)* 377 0.22 421 + 4.4 620 £ 114 56.3 & 115 389 & 81
Amended inoculated (corrected)* 28.0 1.3 285 + 15 206 + 24 156 £ 29 832 + 241
Treaiments Carbon Dioxide {(pmoles/ gram cellulose)
with bentonite Incubation Time {Days)
120 317 399 293
Control
Mo cellulose (salt/ inoculum/ tube+bring) 34.2 0.8 164 = 1 168 = 8 144 + 4 89.1 = 08
Carbon Source: Cellulose
Unamended inoculated 20.7 0.0 172 ¢ 5 273 £ 25 268 + 44 219 % 61
Amended inoculated 53.7 24 1033 £ 76 1623 + 26 1600 + 44 1520 £ 40
Unamended inoculated (corected)* -13.5 0.8 800 + 541 105 + 26 124 + 44 130 + 61
Amended inoculaled (corrected)* 19.5 2.5 869 + 76 145656 + 28 1456 = 44 1431 + 40

* These samples have been corrected with the appropriate control for gas production in the absence of cellulose
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Table 9(b). Carbon Dioxide Produced in Initially Aerobic Humid Treatments

Treatments Carbon Dioxide (umoles/ gram cellulose)
without bentonite Incubation Time (Days)
504 2553 3009 3334
Control
No cellulose (salt/ inoculum/ tube+brine) 361+ 0.18 3b5+ 02 289+ 008 287+ 0
Carbon Source: Cellulose
Unamended inoculated 276+ 53 12+ 325 104+ 268 896 2.4
Amended inoculated 821 175 448+ 1.09 396+ 056 335+ 0.29
Unamended inoculated (corrected)* 2399+ 5303 845+ 3.256 751+ 2681 609+ 241
Amended inoculated (corrected)* 46+ 1.759 093+ 1.108 1.07 + 0.568 048+ 0.29
Treatments Carbon Dioxide (umoles/ gram cellulose)
with bentonite Incubation Time (Days)
804 2553 3009 3334
Control
No cellulose (salt/ inoculum/ tube+bring) 423+ 3 16.13 £ 4.52 136+ 4 106+ 252
Carbon Source: Cellulose
Unamended inoculated 184 £ 76 233+ 152 258 £+ 180 311+ 228
Amended inoculated 1470+ 40 1059 + 207 858 + 219 G266 250
Unamended inoculated (corrected)* 1417+ 76.06 2169+ 1521 2444 ¢+ 180 3004+ 228
Amended inoculated {correcled)” 1428 +  40.11 1043 £ 207 8444 &+ 219 6154 + 250

* These samples have been corrected with the appropriate control for gas production in the absence of cellulose
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Table 10. Carbon Dioxide Produced in Anaerobic Humid Samples

Treaiments Carbon dioxide (Wmoles/ gram cellulose)
without bentanite Days
[ 100 140 415 2156 2616 2945
Controf
No cellulose (salt! inoculum/ tube+brine) 380 + 0.01 59 % 0.1 764 & 1.08 164 + 0.6 B.35 6.81 538 = 1.97
Carbon Source: Celluiose
Unamended inoculated 113 & 01 259 = 3.8 361 2+ 7 89 t 244 163 + 36 t42 + 28 120 % 20
Amended inoculated 169 ¢ 1.2 364 £ 08 404 ¢ 0.8 347 ¢ 09 18.2 = 1.0 36 £ 1.0 273 = 27
Unamended inoculated (corrected)* 7.70 + 0.2 200 + 38 285 + 7.1 726 + 244 155 + 38 135 + 28 116 = 20
Amended inoculated (corrected)® 133 + 1.2 305 + 0.8 328 + 13 183 £ 1.1 99 + 1.0 268 +£ 1.0 21.9 + 33
Treatments Carbon dioxide {(umoles/ gram cellulose)
with bentonite Days
6 100 140 415 2156 2616 2945
Control
No cellulose {salt/ inoculum/ tube+brine)} 142 ¢+ 05 366 £ 6.1 398 £ 55 516 £ 34 93.8 59.2 = 141 639 = 11.8
Carbon Source: Cellulose
Unamended inoculated 203 ¢ 02 94 £ 3 186 ¢ 6 434 ¢ 39 483 + 133 650 + 175 605 + 134
Amended inoculated 22 £ 11 250 + 30 473 t 25 442 + 152 554 + 357 732 + 47 682 + 124
Unamended inoculated (corrected)™ 8.10 £ 0.55 571 + B8 146 £ 8 3|2 + 38 382 + 133 591 £ 176 541 + 135
Amended inoculated (corrected)” 18.0 1.2 213 + 31 433 + 26 390 * 152 460 + 36 673 & 49 618 & 125
* These samples have heen corrected with the appropriate conrral for gas praduction in the ab of celtul
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DRAFT

Appendix D

Gas Produced in Samples Containing Plastic and Rubber Materials.

Total gas and carbon dioxide produced in samples containing plastic and rubber materials
is presented in tables 1-10 as follows (values are not corrected for dissolved CO; and are
headspace (gaseous) CO> only; values are total gas or CO; produced per sample):

Table 1: Total gas produced in samples containing polyethylene.

Table 2: Total gas produced in samples coﬁtaining polyvinylchloride.

Table 3: Total gas produced in samples containing neoprene.

Table 4: Total gas produced in samples containing unleaded hypalon.

Table 5: Total gas produced in samples containing leaded hypalon.

Table 6: Carbon dioxide produced in samples containing polyethylene.

Table 7: Carbon dioxide produced in samples containing polyvinylchloride.

Table 8: Carbon dioxide produced in samples containing neoprene.

Table 9: Carbon dioxide produced in samples containing unleaded hypalon.

Tablel0: Carbon dioxide produced in samples containing leaded hypalon.
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Table 1. Total Volume of Gas Produced in Samples Containing Polyethylene.

Milliliters of Gas Produced/Sample

Sample Days

0 30 189 334 488 840 2612
No Plastic or Rubber
Aerobic
Unamended 093 097 £ 013 -1.09 £ 063 045 + 0.50 078 *+ 052 170 £ 035 329 £ 037
Amended 0.85 174 * 017 156 + 0.03 0.90 £ 048 173 & 0.57 269 £ 059 2.86 £ 049
Anaerobic
Unamended 1.07 1.17 *+ 0.05 098 + 008 066 £ 0.37 1,589 £ 042 248 * 034 231 * 04
Amended 0.93 496 = 0.24 313 £ 119 343 £ 115 366 + 098 424 + 082 5.27
Polyethylene - Aerobic
Unamended
Unirradiated 1.06 1.50 -1.97 247 242 3.46 4.53
Irradiated (Low-Dose} 1147 1.56 -2.37 1.30 1.61 2.5 3.33
Irradiated (High-Dose) 1.02 125 232 219 1.33 3.02 4309
Amended
Unirradiated 1.06 173 £ 005 155 = 034 178 = 049 1.87 * 0.44 270 + 025 384 t 042
Irradiated (Low-Dose¢) 0.95 209 * 0.09 098 £+ 032 154 = 041 155 * 038 249 L 038 2.85 t 064
Irradiated (High-Dose) 0.84 194 + 022 152 £ 0.14 173 £ 057 1.95 = 0.61 297 £ 056 1.99
Polyethylene - Anaerobic
Unamended
Unirradiated 1.21 1.44 1.19 2.34 209 2.40 347
Irradiated (Low-Dose) 1.14 135 1.22 2.24 210 2.51 346
Irradiated (High-Dose) 1.22 1.41 0.59 1.98 2.32 2.67 3.51
Amended )
Unirradiated 1.15 508 t 006 333 £ 092 373 £ 091 3.33 * 045 348 % 0.58 315
Irradiated (Low-Dose) 1.26 561 * 0.21 499 t 058 484 * 081 430 t 0.61 376 £ 014 405 L 006
Irradiated (High-Dose) 1.08 541 & 019 437 £ 081 475 £ Q.74 4.54 & 0.35 469 * 0.83 4.02

Amended: NHNO; (0.5 g/L), K;HPQ, {0.5 g/L), yeast extract (0.25 g/L); Unamended; no nutrient addition.
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Table 2. Total Volume of Gas Produced in Samples Containing Polyvinylchloride.

Milliliters of Gas Produced/Sample

Sample Days

0 30 189 334 488 8§40 2612
No Plastic or Rubber
Aerobic
TUnamended 0.93 0.97 % 013 -1.08 % 063 045 t 050 0.78 *+ 0.52 170 £ 0.35 329 + 0.37
Amended 0.85 174 + 017 156 * 0.03 090 %+ 048 173 + 057 269 £ 059 286 £ 0498
Anaerobic
Unamended 107 117 £ 005 088 £ 008 066 ¥ 037 1.59 & 0.42 248 * 034 231 + 04
Amended 0.93 496 £ 0.24 33 * 118 313 £ 115 366 £ 098 424 t 082 5.27
Polpvinyichioride - Aerobic
Unamended
Unirradiated 1.06 0.64 -1.68 1.329 1.13 2.08 3.36
Irradiated (Low-Dosc) 0.90 0.92 0.59 1.59 1.02 2.29 3.38
Irradiated (High-Dose) 1.12 1.18 -2.05 1.40 1.09 1.34 1.97
Amended
Unirradiated 0.89 190 * 023 187 + 0.13 167 * 0.29 1.80 £ 032 257 £ 0.37 323 £ 036
Irradiated {Low-Dose) 0.90 -0.47 £ 0.3 -0.05 = 023 0.17 * 018 049 * 015 1.37 £ 047 265 £ 02
Irradiated (High-Dose) 0.87 -1.08 + 0.14 281 £ 0.7 205 = 0.04 248 + 0.10 3.00 + 017 3.81 £ 012
Polyvinylchloride - Anaerobic
Unamended
Unirradiated 1.06 1.66 1.70 212 2.14 3.08 3.55
irradiated (Low-Dose) 124 1.88 1.61 1.09 0.96 1.66 2.66
Irradiated (High-Dose) 1.09 153 1.53 1.34 1.54 1.72 397
Amended
Unimradiated 1.02 510 £ 0.19 389 £ 1.08 407 £ 0.94 401 & 0.80 469 * 058 472 £ 042
Irradiated (Low-Dose) 0.99 1.32 %= 0.06 362 t 082 501 = 0.30 478 + 023 484 * 018 475 + 0,20
Irradiated (High-Dose) 0.96 273 + 079 534 & Gt 524 * 0.11 531 + 008 518 * 0.03 5.27 % 0.02

Amended: NHyNO, (0.5 g/L), K:HPO, (0.5 g/L), yeast extract {0.25 g/L); Unamended: no nulrient addition,
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Table 3. Total Volume of Gas Produced in Samples Containing Neoprene.

Milliliters of Gas Produced/Sample

Sample Days

1] 30 189 334 438 840 2612
No Plastic or Rubber
Acrobic
Unamended 0.93 097 £+ 013 -1.09 £+ 0.63 045 £ 050 0.78 * 0.52 1.70 £ 035 329 % 0.37
Amended 0.85 1.74 + 017 1.56 £ 0.03 090 + 048 1.73 £ 057 2.69 + 059 286 + 049
Anaerobic
Unamended 107 147 £ 0.05 0.98 * 0.08 0.66 + 037 1.50 + D42 248 + 034 231 * 040
Amended 0.93 496 £ 0.24 313 % 1.19 313 + 115 386 098 424 F 082 5.27
Neoprene - Aerobic
Unamended
Unirradiated 0.91 0.32 -2.13 -1.77 -0.94 323 270
Irradiated (Low-Dose} 1.03 -0.02 -0.84 132 1.66 325 3.85
Irradiated (High-Dose) 097 -0.05 -2.30 0.53 1.85 291 274
Amended
Unirradiated 1.00 232 1 0.09 176 + 012 134 + 012 165 * 0.21 269 + 034 2866 * 025
Irradiated (Low-Dose) 097 1.87 £ 0.20 1.74 % 030 1.28 £ 0.37 170 £ 0.26 296 £ 0.22 313 £ 043
Irradiated {High-Diose} Q.70 181 + Q15 1.76 + 0.38 133 + 0.37 177 = 0.24 280 £ 006 316 % 040
Neoprene - Anaerobic
Unamended
Unirradiated 1.06 1.48 0.95 1.67 1.56 1.680 215
Irradiated (Low-Dose) 1.10 1.28 1.05 1.26 1.68 2.44 1.80
Irradiated (High-Dose) 1.14 1.73 1.54 203 1.89 1.98 344
Amended
Unirmradiated 1.23 519 £ 014 348 £ 1.00 419 * 0.83 376 = 0.73 296 * 054 364 = 031
Irradiated (Low-Dose) 0.98 505 £ 0N 361 * 064 246 £ 033 231 1 039 245 * 0.36 279 £ 035
Irradiated (High-Dose) 1.00 453 + 0.08 474 + 0.24 526 * 020 486 £ 0.04 512 % 0.07 458 + 006

Amended: NH4NO, (0.5 giL), KHPO, (0.5 git), yeast extract (0.25 g/L); Unamended: no nutrient addition.
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Table 4. Total Volume of Gas Produced in Samples Containing Unleaded Hypalon.

Milliliters of Gas Produced/Sample

Sample Days

0 157 332 864 2464
No Plastic or Rubber
Aerobic
Unamended 1.08 088 * 0.08 0.33 £ 0.09 036 x 0.15 145 £ 0.27
Amended 1.00 -0.21 * 007 -0.04 * 0.09 051 £ 0.07 137 + 0.07
Anaerobic
Unamended 0.65 147 £ 0.04 086 * 017 1.07 = 0.08 151 * 0.08
Amended 0.76 430 £ 0.1 245 + 0.95 3.08 £ 0.81 358 = 074
Unleaded Hypalon - Aerobic
Unamended
Unirradiated 1.12 1.05 0.14 0.34 0.82
Irradiated (Low-Dose) 1.06 -0.24 0.21 1.18 0.87
Amended
Unirradiated 1.14 0.60 = 0.06 -0.25 + 015 049 £ 0.09 140 * 035
frradiated (Low-Dose) 1.11 054 * 091 1.07 & 0.89 190 £ 0.88 168 * 015
Unleaded Hypalon - Anaerobic
Unamended
Unirradiated 0.84 1.45 0.94 1.65 2.21
Irradiated (Low-Dose) 0.77 1.39 0.91 1.08 1.36
Amended
Unirradiated 0.82 404 + 0.04 292 + 092 349 1 0.89 329 + 0.78
Irradiated (Low-Dosc) 0.86 292 £ 069 267 £ 0.98 341 £ 090 299 * 0.67

Amended: NH;NO; (0.5 giL), KzHPO, (0.5 gil), yeast extract (0.25 g/L); Unamended: no nutrient addition.
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Table 5. Total Volume of Gas Produced in Samples Containing Leaded Hypalon.

Milliliters of Gas Produced/Sample

Sample Days

0 157 332 664 2464
No Plastic or Rubber
Aerobic
Unamended 1.08 086 * 0.08 033 £ 009 0.36 * 0.15 145 + 0.27
Amended 1.00 021 £ 007 004 = 0.09 051 £ 0.07 1.37 = 0.07
Anaerobic
Unamended 0.65 147 & 0.04 086 * 017 107 £ 0.08 151 & 0.08
Amended 0.76 430 £ 0.11 245 £ 095 300 £ 081 358 * 0.74
Leaded Hypalon - Aerobic
Unamended
Unirradiated 1.06 013 -0.41 -0.58 0.86
Irradiated (Low-Dose) 1.02 -0.26 -1.04 -1.36 -1.07
Amended
Unirradiated 117 1141 t 0.67 140 £ 0.93 181 £ 093 267 * 0.79
Imadiated (Low-Dose) 1.08 -0.72 £ 0.06 -0.17 £ 0.14 0.57 = 0.16 223 £ 025
Leaded Hypalon - Anaerobic
Unamended
Unirradiated 0.31 1.00 1.09 1.49 1.85
Iradiated (Low-Dose) 0.29 1.06 1.01 1.01 1.24
Amended
Unirradiated 0584 385 £ 0.02 296 * 0.78 330 £ 112 360 £ 093
Irradiated (Low-Dose) 1.06 383 + 010 377 £ 014 445 £ 0.05 397 + 0.38

Amended: NH;NO; (0.5 g/L), KzHPO, (0.5 g/L), yeast extract (0.25 g/L); Unamended: no nutrient addition.
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Table 6. Carbon Dioxide Produced in Samples Containing Polyethylene.

pmoles CO,/Sample

Sample Days

0 30 189 334 488 840 2612
No Plastic or Rubber
Aerobic
Unamended 1.50 176 * 0.13 8.11 £ 0.33 848 £ 0.39 119 £ 05 180 £ 1.7 199 £ 1.2
Amended 1.21 261 £ 0.2 359 = 04 380 £ 09 428 * 15 427 £ 21 462 + 11
Anaerobie
Unamended 1.52 176 + 0.05 271 £ 0.08 8.60 + 050 165  D.2 166 £ 19 172 £ 14
Amended 1.21 18.0 £ 0.2 237 + ¢1 295 £ 06 336 * 07 329 £ 07 3.9
Polyethylene - Aerobic
Unamended
Unirradiated 1.70 3.63 6.81 13.6 18.7 37.3 64.2
Irradiated (Low-Dose) 1.67 2.57 8.16 14.8 14.9 16.5 18.0
Irradiated (High-Dose) 1.56 2.70 6.37 13.7 3.6 18.7 28.8
Amended
Dnirradiated 1.28 291 * 03 363 + 02 46 £ 07 401 + 1.0 415 = 2.7 437 £ 56
Irradiated (Low-Dose} 1.23 273 £ 0.3 350 £ 03 446 * 07 408 £ 16 403 + 2.2 494 * 286
Itradiated (High-Dese) 1.25 288 + 01 348 £ 04 443 + 13 426 + 0.2 415 % 03 524
Polyethylene - Anaerobic
Unamended )
Unirradiated 1.66 1.83 4.53 14.0 1.7 1.2 14.0
Iradiated (Low-Dose) 1.58 1.82 3.15 13.1 15.9 15.8 15.2
Trradiated (High-Dose) 1.63 210 2.71 8.80 20.6 21.5 234
Amended
Unirradiated 1.289 195 £ .1 261 £ 01 347 £ 04 326 £ 04 320 + 23 34.2
Irradiated (Low-Dose) 1.35 19.2 £ 0.2 258 * 05 346 £ 09 315 £ 11 320 * 0.7 274 £ 28
Irradiated (High-Dose)} 1.23 195 £ Q2 243 + 03 336 £ 04 336 * 13 358 % 22 273

Amended: NH;NO; (0.5 g/L), K;HPO, (0.5 giL), yeast extract {(0.25 g/L); Unamended: no nutrient addition.
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Table 7. Carbon Dioxide Produced in Samples Containing Polyvinylchloride.

umoles CO/Sample

Sample Days

0 30 189 334 488 840 2612
No Plastic or Rubber
Aerobic
Unamended 1.50 176 + 013 811 % 0.33 848 = 0.29 119 £ 0.5 15.0 + 1.7 199 + 12
Amended 1.21 261 £ 0.2 359 * 04 380 = 09 428 * 15 427 £ 21 462 £ 11
Anaerobic
Unamended 1.52 176 £ 0.05 271 + 0.08 860 + 050 155 % 0.2 166 £ 18 172 £ 14
Amended 1.21 180 £ 0.2 237 * 01 295 £ 086 336 * 07 329 + 07 31.9
Polyvinylchloride - Aevobic
Unamended
Unirradiated 1.50 3.63 7.58 11.7 14.5 18.0 29.1
Irradiated (Low-Dose) 1.64 211 16.1 241 22.2 228 313
Irradiated (High-Dose) 157 1.89 9.38 16.2 147 15.4 21.1
Amended
Unirradiated 125 280 + 05 417 £ 0.2 436 = 03 409 = 03 398 * 041 449 + 04
Irradiated (Low-Dose) 1.15 178 £ 1.2 204 = 09 307 * 04 288 + 03 265 01 327 £ 03
Itradiated (High-Dosc) 122 203 + 041 445 = 0.0 448 £ 03 444 £ 08 501 + 34 484 % 34
Pobyvinylchloride - Anaerobic
Unamended
Unirradiated 1.54 1.76 7.77 137 15.6 20.0 259
Irradiated (Low-Dose) 1.59 1.85 1.95 3.20 3.50 312 470
Irradiated (High-Dose) 1.56 1.88 203 418 4.02 4.79 49.4
Amended
Unirradiated 1.18 188 & 03 241 £ 04 285 08 286 * 09 319 £ 07 M8 £ 17
Irradiated (Low-Dose) 1.20 344 % 008 16.7 & 05 183 + 0.2 174 £ 041 174 £ 0.3 187 £ 04
Ireadiated (High-Dose) 1.18 100 £ 38 202 £ 23 220 £ 30 224 + 37 285 + 7.1 275 £ B3

Amended: NH,NOj (0.5 g/L}, K;HPQ, (0.5 g/L), yeast extract {0.25 g/L); Unamended: no nutrient addition.
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Table 8. Carbon Dioxide Produced in Samples Containing Neoprene.

emaoles CO./Sample

Sample

0 30 189 334 488 840 20612
No Plastic or Rubber Days
Aerobic
Unamended 1.50 1.76 £ 0.13 811 £ 0.33 848 * 039 1191 + 046 150 = 1.7 1899 + 12
Amended 1.21 261 £ 0.2 359 x 04 380 * 09 428 * 15 427 + 21 462 £ 141
Anaerobic
Unamended 1.52 176 £ 0.05 271 £ 0.08 8.60 £ 0.50 155 * 02 166 * 19 172 £ 14
Amended 1.21 18.0 *+ 0.2 237 = 041 295 * 08 336 + 07 328 £ 07 319
Neoprene - Aerobic
Unamended
Unirradiated 1.60 3.34 7.68 8.33 101 26.8 305
Irradiated {Low-Diose) 1.66 3.60 §.18 107 12.3 15.1 366
Irradiated (High-Dose) 1.64 4.1 104 16.0 255 41.6 60.0
Amended
Unirradiated 127 254 t 04 384 £ 05 377 £ 03 34 £ 09 46.8 * 2.7 46.2 1 27
Trradiated (Low-Dose) 1.32 276 £ 03 402 * 07 409 £ 09 418 = 16 435 & 31 558 * 1.8
Irradiated (High-Dose) 1.3¢ 293 £ 0.2 445 £ 11 467 £ 23 485 + 32 552 * 71 746 1 00
Neoprene - Anaerobic
Unamended
Unirradiated 1.58 2.01 278 9.34 15.7 157 15.7
Irradiated (Low-Dosc) 1.65 2.09 216 3.09 NA 19.2 25.7
Irradiated (High-Dosc) 1.67 1.81 2.28 2.50 2.36 292 19.0
Amended
Unirradiated 1.24 183 £ 01 227 + 03 329 1 08 331 * 08 335 £ 1.0 3.7 % 01
Irradiated (Low-Dose) 132 19.0 = 04 225 £ 02 283 £ 08 313 £ 10 3.7 * 038 338 + 05
Irradiated (High-Dose) 1.35 234 = Q8 307 £ 13 348 £ 10 365 * 07 487 + 17 478 % 22

Amended: NH;NO; (0.5 g/L), K;HPO, (0.5 g/L), yeast extract {0.25 g/L); Unamended: no nufrient addition.
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Table 9. Carbon Dioxide Produced in Samples Contalning Unleaded Hypalon.

pmoles CO,/Sample

Sample Days

0 157 332 664 2464
No Plastic or Rubber
Aerobic
Unamended 1.78 3.84 = 015 3.69 = 008 252 £ 052 555 % 0.08
Amended 1.56 303 £ 05 308 £ 04 2908 * 0.2 333 £ 07
Anaerobic
Unamended 1.78 276 £ 0.1 276 £ 0.01 415 * 144 526 * 015
Amended 1.65 204 * 0.2 21.2 % 01 220 £ 01 236 * 05
Unleaded Hypalon - Aerobic
Unamended
Unirradiated 1.78 kel 3.18 3.67 4.90
Irradiated (Low-Dose) 177 4.08 5.33 6.77 11.2
Amended
Unirradiated 1.51 279 = 03 281 % 03 271 £ 06 318 * 03
Trradiated (Low-Daose) 1.64 409 + 8.6 418 % 84 406 t 64 438 + 71
Unleaded Hypalon - Anaerobic
Unamended
Unirradiated 1.79 210 19 2.23 5.10
Irradiated (Low-Dose) 1.79 2.22 1.97 4,04 5.80
Amended
Unirradiated 1.56 199 * 02 208 * 02 186 * 0.3 211 = 041
Irradiated (Low-Dose) 1.65 188 % 086 213 & 04 235 + 18 311 = 59

Amended: NHyNO; (0.5 giL), KHPO, (0.5 g/L), yeast extract (0.25 g/L); Unamended: no nutrient addition.
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Table 10. Carbon Dioxide Produced in Samples Containing Leaded Hypalon.

pmoles CO/Sample

Sample Days

0 157 332 664 2464
No Plastic or Rubber
Aerobic
Unamended 1.78 384 x 015 369 = 0.08 252 t 052 555 = 0.08
Amended 1.56 303 £ 05 308 + 04 2984 + 022 333 £ 07
Anaerobic
Unamended 1.78 276 £ 0.1 276 £ 0.1 415 % 1.44 526 * 0.15
Amended 1.65 204 £ 0.2 21.2 £ o1 220 £ 01 236 05
Leaded Hypalon - Aerobic
Unamended
Unirradiated 172 377 4.03 5.33 8.27
Trradiated (Low-Dose) 1,71 3.30 372 4 4.33
Amended
Unirradiated 1.53 328 £ 39 395 % 82 T4 94 472 % 32
Irradiated (Low-Dose) 1.59 273 t 02 276 01 204 * 686 251 17
Leaded Hypalon - Anaerobic
Unamended
Unitradiated 1.71 1.80 1.66 212 6.08
Irradiated {Low-Dose)} 1.74 205 212 2.60 539
Amended
Unirradiated 1.69 181 % 01 196 + 0.2 215 £ 0B 261 £ 44
Irradiated (Low-Dose) 172 186 % 04 184 £ 0.2 180 % 17 209 * 01

Amended: NH,NO; (0.5 g/L), KHPC, (0.5 giL), yeast extract {0.25 g/L}, Unamended: no nutrient addition,
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