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ABSTRACT

This Test Plan describes laboratory and modeling studies of: (1) the
chemistry of brines that could enter WIPP disposal rooms; (2) the effects of
anoxic corrosion of metals in steel containers and the waste on the gas and
Ho0 budgets of the repository; (3) the effects of microbial degradation of
cellulosics in the waste on the gas and Hp0 budgets of the repository, the Eh
and pH of any brine present, and the chemical behavior of radionuclides;
(4) the effects of radiolysis on the gas and H90 budgets of the repository;
(5) the efficacy and effects of backfill additives proposed to remove or
prevent the production of some of the expected gases; (6) the chemical
behavior of Pu, Am, Th, and U in WIPP brines; (7) additional development of
the EQ3/6 geochemical software package for use in predicting the behavior of
silicates and radionuclides in brines.

This Test Plan, current as of early 1990, describes studies of the chemical
behavior of the repository as currently designed and the chemical behavior of
radionuclides under these conditions. Addenda will discuss additional
studies relevant to design modifications, especially reprocessed waste, and
chemically hazardous waste constituents.
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1.0 INTRODUCTION
1.1 JUSTIFICATION OF LABORATORY AND MODELING STUDIES

Quantification of repository chemistry is essential for the long-term
performance assessment (PA) of the Waste Isolation Pilot Plant (WIPP).
Because chemical reactions can produce or consume large quantities of gas
and Hp0, studies of these reactions are necessary to predict their effects
on the gas and H70 contents of WIPP disposal rooms. The gas and H20 bud-
gets could in turn affect room closure rates, the geomechanical properties
of their contents, and the likelihood of radionuclide release under undis-
turbed conditions or in the event of human intrusion. Lappin et al. (1989)
provided a preliminary appraisal of the possible effects of gas production
and brine inflow on the performance of the repository. Although our under-
standing is evolving rapidly, a discussion of these effects is beyond the
scope of this Test Plan. Various chemical reactions could also affect the
Eh and pH of any brine present in WIPP disposal rooms. These parameters in
turn will affect: the solubilities of certain gases in the brine; the
speciation, solubilities, and sorption of radionuclides; the extent to
which radionuclides form colloids.

Predictions of the chemical behavior of the important radionuclides in
transuranic (TRU) waste in WIPP brines are necessary to define the source
term for radionuclide-transport calculations for the WIPP PA.

Laboratory studies with nonradiocactive simulated waste and, in some
cases, radioactive simulated waste provide a unique opportunity to develop
a mechanistic understanding of repository and radionuclide chemistry.
Laboratory studies facilitate quantification of the effects of significant
chemical processes under experimental conditions that isolate each process
from the effects of other processes, yet are nevertheless realistic. The
studies also facilitate quantification of the effects of wvariations in
physicochemical conditions on these processes. The use of simulated waste
will greatly simplify quantification of significant chemical processes, but
will yield results applicable, at least in most cases, to both contact-
handled (CH) and remote-handled (RH) TRU waste.

Modeling studies are necessary to interpret the results of the labora-
tory studies described herein and the planned bin-scale and alcove tests
with CH TRU waste described by Molecke (1990a, 1990b). They are also
necessary to extend the results of these laboratory, bin-scale, and alcove
tests to other possible repository conditions. If successful, modeling
studies would reduce the number of experiments required to quantify the
effects of variations in chemical conditions on repository gas and H90
budgets, and the chemical behavior of radionuclides.

This Test Plan describes studies of the chemical behavior of the repos-
itory as currently designed and the chemical behavior of radionuclides
under these conditions. It is current as of early 1990. Addenda and
revised versions will discuss: (1) modifications of ongoing studies or
additional studies relevant to design-basis conditions; (2) extensions of
ongoing studies or additional studies pertinent to design modifications,
especially reprocessed waste; (3) extensions of ongoing studies or
additional studies applicable to chemically hazardous waste constituents.
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Comparison of results from these studies of repository and radionuclide
chemistry to results from bin-scale and alcove tests with CH TRU waste
(Molecke, 1990a; 1990b) will in many cases provide a test of laboratory and
modeling data. Agreement between these results would validate the use of
laboratory and modeling data for the WIPP PA. Any significant disagreement
would indicate a need for additional studies of repository and radionuclide
chemistry, unless modifications to the WIPP design eliminate that need.

1.2 BRINE CHEMISTRY

Laboratory and modeling studies of repository and radionuclide
chemistry and bin-scale tests with CH TRU waste (Molecke, 1990a) require
the use of realistic WIPP brines of standard composition to reduce the
number of experiments and ensure the comparability of experimental results
(2.1).

Because the extent to which compositional variations in WIPP brines
will affect various chemical processes is still unknown, it is difficult to
specify the level of understanding of brine chemistry necessary to predict
the long-term performance of the repository.

Brush has identified the fluids that could enter WIPP disposal rooms
after they are filled and sealed (2.2), but various studies are necessary
to predict the most likely compositions and expected variability of these
brines as they enter the repository (2.4).

In lieu of the studies described below, most investigators are using
brines collected from the WIPP underground workings (2.3.1.2) for their
initial laboratory studies of repository and radionuclide chemistry. Brush
has defined preliminary, standard compositions (2.3.1.3) for synthetic
Salado- and Castile-Fm. brines for Molecke'’s (1990a) bin-scale tests with
CH TRU waste.

The specific objectives of these laboratory, modeling, and field
studies are to: (1) quantify the causes of chemical variations in brines
from the Salado Fm. (2.4.1); (2) quantify any spatial or stratigraphic
variations in Salado-Fm. brines (2.4.2); (3) quantify the variations caused
by differences in the analytical techniques used by the three laboratories
analyzing Salado-Fm. brines (2.4.3); (4) quantify the effects of sampling
artifacts described in 2.3.1.1 on variations in Salado-Fm. brines (2.4.4);
(5) simulate reactions between fluids from the Castile Fm. or overlying
formations and Salado-Fm. brines and minerals (2.4.5 and 2.4.6).

Bin-scale tests with CH TRU waste (Molecke, 1990a) will provide
information on the chemistry of synthetic Salado- and Castile-Fm. brines
after reactions with the contents of the bins (2.5).

1.3 ANOXIC CORROSION

Lappin et al. (1989) estimated that if brine were present in WIPP
disposal rooms, anoxic corrosion of steel containers (drums and boxes) and
Fe and Fe-base alloys in the waste would produce about 2 moles of H9 per
drum of waste per year for 400 to 500 years, or a total of 900 moles per
drum (3.1). Anoxic corrosion is the process of greatest concern from the
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standpoint of the gas budget of the repository. It could also consume as
much as 200 m3 of brine per room.

The quantity of H20 in the disturbed rock zone (DRZ) available for
transport to the waste, either by brine inflow or vapor-phase transport,
may prevent the production of 900 moles of Hy per drum. Absorption of H0
by crushed salt and bentonite in the backfill and the possible consumption
of H70 by microbial activity (4.1) may limit the extent of anoxic corrosion
of metals. '

Brush has reviewed the evidence for anoxic corrosion (3.2), but it is
still unknown whether anoxic corrosion of steels would occur if H90 vapor
or Hp0 absorbed by backfill materials, but not brine, were present in the
repository. The extent to which microbially produced CO2 will accelerate
anoxic corrosion and previously produced Hy9 will decelerate anoxic
corrosion are also unknown. Finally, the anoxic corrosion rates of other
metals are unclear.

The objectives of these laboratory studies are to: (1) quantify anoxic
corrosion of steels by brine, H20 vapor, and H90 absorbed by backfill ma-
terials in the presence of Ny or CO at low pressure (3.3.1); (2) quantify
anoxic corrosion of steels by brine, H90 vapor, and H70 absorbed by back-
fill materials in the presence of CO2 or Hy at high pressures (3.3.2);
(3) determine the effects of other factors, such as basic conditions, 02
concentration, and the presence of the proposed backfill additive CuSO,
(6.1) on anoxic corrosion of steels (3.3.3); (4) quantify anoxic corrosion
of other metals, especially Al and Al-base alloys (3.3.4).

Bin-scale and alcove tests with CH TRU waste (Molecke, 1990a; 1990b)
will also provide information relevant to anoxic corrosion (3.4).

1.4 MICROBIAL ACTIVITY

Lappin et al. (1989) estimated that if brine or H90 vapor were present
in WIPP disposal rooms, microbial degradation of cellulosics in the waste
would produce about 1 mole of various gases per drum of waste per year for
600 years, or a total of 600 moles per drum (4.1). These gases could
include CHg4, C€Op, H2S, Np, and NH3, but the relative proportions are
unknown. Microbial activity is the process of second greatest concern from
the standpoint of the gas budget of the repository. It could also affect
the H90 budget, but the net effect is still unknown.

The quantity of Hp0 in the DRZ available for transport to the waste may
prevent the production of 600 moles of gas per drum, especially if absorp-
tion of H90 by the backfill and anoxic corrosion of metals consume signifi-
cant quantities of H90 (3.1). The quantities of nutrients in WIPP brines
and waste may also limit microbial activity.

The experimental program reviewed by Molecke (1979) yielded valuable
data on microbial activity under various conditions. During 1988, a group
of experts reviewed this program and relevant microbiological studies
conducted for other applications (Brush and Anderson, 1988a; 1988b; 1988c).
This group concluded that microbial activity is likely in WIPP disposal



rooms, that it could affect the long-term performance of the repository,
and that sterilization of the waste is unfeasible.

It is still unknown whether there will be sufficient nutrients for
microbial activity in WIPP disposal rooms, which potentially significant
microbial processes (4.2) would occur, at what rates they would produce gas
and produce or consume H70, and whether the H20 content and pressure of the

repository would affect these rates. The extent to which any of these
processes would affect the chemical behavior of radionuclides is also
unknown. Finally, it is unclear whether microorganisms are likely to

survive for periods sufficient to affect the long-term performance of the
repository.

The objectives of these laboratory studies are to: (1) determine which
potentially significant microbial processes (4.2) occur under overtest
conditions (4.4.2); (2) quantify the effects of potentially significant
processes on the gas and H90 budgets of the repository under realistic
conditions, both humid and inundated (4.4.3); (3) quantify the effects of
pressure, if necessary, on any significant processes (4.4.4); (4) quantify
the effects of potentially significant processes on the chemical behavior
of the important radionuclides in TRU waste under realistic conditions
(4.4.5); (5) determine whether the microorganisms responsible for any
significant processes are likely to survive for long periods (4.4.6).

Bin-scale and alcove tests with CH TRU waste (Molecke, 1990a; 1990b)
will also provide results relevant to microbial activity (4.5).

1.5 RADIOLYSIS

Most of the data reviewed by Molecke (1979) imply that the radiolytic
gas production rate for TRU waste in WIPP disposal rooms will be signifi-
cantly lower than recent estimates of the gas production rates from anoxic
corrosion of metals (3.1) or microbial degradation of cellulosics (4.1).

Estimates of the microbial gas production potential, and hence the
total gas production potential, are very sensitive to assumptions of
the extent to which microorganisms will degrade cellulosics, plastics,
and rubbers in the WIPP inventory. Lappin et al. (1989) estimated the
microbial gas production potential by assuming that microorganisms convert
100% of the cellulosics, 50% of the rubbers, but none of the plastics in
the WIPP inventory to gas. Their estimate would have been much higher if
they had assumed that microorganisms will degrade plastics significantly.
Although microorganisms will almost certainly consume cellulosics in
preference to plastics and rubbers, irradiation of plastics could make them
more biodegradable (5.1 and 5.2). A laboratory study of the effects of a
radiolysis on the biodegradability of these materials is necessary to
determine the gas production potential of the waste.

Although Molecke (1979) concluded that radiolytic gas production will
be relatively insignificant in WIPP disposal rooms, recent developments
raise the possibility that radiolysis could be important. Compaction of
the waste may increase the radiolytic gas production rate by increasing the
density of the waste and the extent to which o particles interact with it.



Inundation of the waste with brine may also increase the radiolytic gas
production rate. Finally, increased pressure caused by gas production and
room closure may affect this rate, but whether pressure would increase or
decrease it is unknown. A review of the results of other investigations is
under way to determine if additional studies are necessary to quantify the
effects of waste compaction, inundation, and pressure on the radiolytic gas
production rate.

The objectives of these laboratory studies are to: (1) quantify the
effects of o radiolysis on the biodegradability of plastics (5.5.1);
(2) determine, if necessary, the effects of waste compaction, inundation,
and pressure on the radiolytic gas production rate (5.5.2).

Bin-scale and alcove tests with CH TRU waste (Molecke, 1990a; 1990b)
will also provide results pertinent to radiolysis.

1.6 BACKFILL ADDITIVES

Brush and Anderson (1988a, 1989) proposed the use of several backfill
additives to remove or prevent the production of some of the gases expected
in WIPP disposal rooms (6.1). CuSO4, an oxidant, would corrode Fe and Fe-
base alloys without producing Hy. CaC03, Ca0, Ca(OH)9, KOH, and NaOH would
remove COp, a potentially abundant, microbially produced gas (4.2.2, 4.2.5,
and 4.2.6). Ca0, along with bentonite (a previously proposed backfill
additive), would also remove H70. MnOj, a potential electron acceptor
(4.2.3), might prevent: microbial 5042' reduction; the concomitant produc-
tion of H2S; the reaction of H3S with Fe, Fe-base alloys, or their corro-
sion products to form FeS)y (pyrite); the concomitant production of Hjp
(3.2.1.3).

There is no known backfill additive to remove CHy4, Hp, No, NH3, or HjS,
or prevent the production of CH4, N9, or NH3 at reasonable cost. Fe, Fe-
base alloys, or their corrosion products would remove H2S, but the con-
comitant formation of FeSp would release large quantities of Hp (3.2.1.3).

How effective these backfill additives would be is also unknown. CaCO3
and CuSO4 would be effective only if brine were present; MnO2 may not be
effective under any circumstances (6.1).

It is also unclear whether these backfill additives would affect the
long-term performance of the WIPP favorably or unfavorably. Ca0, Ca(OH)p,
KOH, and NaOH could increase the pH of any brine present to very basic

values. This could in turn affect the rates of anoxic corrosion of metals
and microbial degradation of cellulosics, and influence the chemical
behavior of radionuclides. Because large quantities of any of these

backfill additives could be required (6.1), they could inhibit the closure
of WIPP disposal rooms by increasing the strength of the materials in the
rooms.

Furthermore, use of these backfill additives could reduce the
likelihood of compliance with regulations for the disposal of chemically
hazardous waste (1.9).



Whether the advantages of these backfill additives outweigh their

disadvantages is still unknown. It is possible, for example, that recent
estimates of the gas production potential from anoxic corrosion (3.1) and
microbial activity (4.1) are too high. If so, significantly smaller

quantities of the backfill additives may be necessary, and their potential
disadvantages would be less important.

The objectives of these laboratory and modeling studies (6.2.1 and
6.2.2, respectively) are to: (1) determine whether the backfill additives
CaC0O3, Ca0, CuSO4, KOH, and NaOH remove CO2 or prevent the production of Hp
effectively; (2) quantify their effects on repository chemistry.

Bin-scale and alcove tests with CH TRU waste (Molecke, 1990a; 1990b)
will also yield data on the efficacy and effects of backfill additives
(6.3).

1.7 RADIONUCLIDE CHEMISTRY

Predictions of the chemical behavior of radionuclides in WIPP brines
are necessary to define the source term, the quantities of the important
radionuclides in the WIPP inventory that would be mobilized by brine
for possible transport to the accessible environment, and the scenario-
dependent rates at which these radionuclides would be mobilized. Marietta
et al. (1989) concluded that from the standpoint of the WIPP PA, the
important radionuclides in TRU waste are all isotopes of Pu, Am, Th, and U.

The speciation, solubilities, and sorption of Pu, Am, Th, and U and the
extent to which they form colloids will determine their concentrations in
any brine present in WIPP disposal rooms. Because there are neither data
with which to predict the concentrations of these elements in WIPP brines
nor a defensible method for estimating these data (7.2), laboratory studies
of these processes are necessary.

The chemical behavior of Pu, Am, Th, and U in aqueous solutions is
sensitive to the Eh and pH of any brine present. The Eh and pH in WIPP
disposal rooms could, given the heterogeneous nature of design-basis waste,
vary significantly with time, and over short distances at any given time
(1.10.4). It is necessary to quantify the chemical behavior of these
elements under a wide range of conditions.

The objectives of these laboratory studies are to: (1) quantify the
speciation of Pu, Am, Th, and U in neutral, mildly acidic, and basic
solutions of high ionic strength under a wide range of redox conditions
(7.6.1) for calculations of the solubilities of these elements in WIPP
brines; (2) determine, if necessary, the solubilities of Pu-, Am-, Th-, and
U-bearing solids under similar conditions (7.6.2) to validate the results
of the speciation study; (3) quantify the sorption of these elements from
WIPP brines under conditions similar to those in the speciation and
solubility studies (a description of this study will appear elsewhere);
(4) extend the speciation, solubility, and sorption studies to strongly
basic WIPP brines (7.6.3), if studies of repository chemistry based on the
current or modified designs of the repository imply this is necessary;
(5) determine the extent to which Pu, Am, Th, and U form colloids under
these conditions (a description of this study will also appear elsewhere).
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Bin-scale tests with CH TRU waste (Molecke, 1990a) will also provide
information on the chemical behavior of radionuclides in brines (7.7).

1.8 MODEL DEVELOPMENT

Modeling studies (8.0) are necessary to interpret the results of
laboratory studies and the bin-scale and alcove tests with CH TRU waste
described by Molecke (1990a, 1990b). Modeling studies are also necessary
to extend the results of these laboratory, bin-scale, and alcove tests to
other possible repository conditions. If successful, modeling studies
would reduce the number of experiments required to quantify the effects of
variations in chemical conditions on repository gas and H20 budgets and the
chemical behavior of radionuclides.

Currently available geochemical models such as the EQ3/6 geochemical
software package can meet some, but not all, of these objectives (8.2 and
8.3). They can predict chemical reactions between WIPP brines and evapo-
rite minerals, but not reactions between these brines and silicates (clay
minerals in the Salado Fm., bentonite and grouts, for example), nor the
behavior of radionuclides in brines. Additional development of EQ3/6 is
needed.

The objectives of additional development of EQ3/6 are to: (1) extend
the Pitzer activity-coefficient model by adding ion-interaction parameters
for important aqueous Al1(III), Cu(II), Fe(III), Mn(II), Mn(IV), and Si(IV)
species to the existing data base (8.4.1); (2) develop an alternative
activity-coefficient model based on hydration theory (8.4.2).

1.9 HAZARDOUS-WASTE CHEMISTRY

It is now possible to expand the studies described in this Test Plan to
include studies of the chemically hazardous, TRU-waste constituents of
regulatory concern pursuant to the Resource Conservation and Recovery Act
(RCRA). However, expansion of these studies awaits identification of data
required to demonstrate compliance with the regulations promulgated by the
Environmental Protection Agency to implement the RCRA.

In some cases, extension of the studies described herein to chemically
hazardous constituents of TRU waste would require only modest increases in
the existing level of effort. It would be relatively straightforward, for
example, to include toxic heavy metals such as Pb in laboratory studies of
radionuclide speciation (7.6.1 and 7.6.2) or radionuclide sorption if
appropriate experimental data do not exist for these elements in solutions
of high ionic strength. However, it would be more difficult to start
studies of hazardous waste constituents in the absence of parallel studies
of repository or radionuclide chemistry. One example of such a study might
be the partitioning of volatile organic compounds between WIPP brine and
the gases expected in the repository.

1.10 EXPERIMENTAL CONDITIONS FOR LABORATORY STUDIES

Definition of the conditions expected for WIPP disposal rooms is
essential for the design of realistic laboratory studies, to reduce the



number of experiments as much as possible, and to ensure the comparability
of the results.

1.10.1 Temperature

The WIPP repository horizon is 655 m below the surface. The
temperature of the Salado Fm. at this depth, beyond the annular volume
affected by ventilation of the mine, is 28°C (Munson et al., 1987).

The CH TRU waste to be emplaced in drums and boxes in WIPP disposal
rooms will produce essentially no heat.

The RH TRU waste to be emplaced in canisters in the ribs will produce
some heat, but will probably not increase the temperature within WIPP dis-
posal rooms significantly. Beraun and Molecke (1987) modeled the thermal
response of backfills consisting of N9, crushed salt, or a mixture of
bentonite and sand, and the surrounding Salado Fm. to vertically emplaced,
simulated defense high-level waste packages with 470-W electric heaters.
They compared their results to measured temperature distributions. Torres
(1988) modeled the effects of thermal power output (60, 100, and 300 W) and
spacing (3.66 and 6.10 m) of horizontally emplaced canisters of RH TRU
waste on the thermal response of the Salado Fm. Beraun (1989) modeled
the thermal response of the Salado Fm. to horizontally emplaced (2.44-m
spacing), simulated RH canisters with 117-W electric heaters. The thermal
properties of the materials modeled by these investigators probably
encompass those of the contents of WIPP disposal rooms. Extrapolation of
their results to the distances of several meters suggests that RH TRU waste
will not increase the temperature of CH TRU waste by more than a few
degrees Celsius.

Temperature gradients may develop between the CH TRU waste in WIPP
disposal rooms and the RH TRU waste in the ribs, or even between large
garticles containing 238py  (an isotope with a high specific activity),

39Pu, or other radionuclides, and adjacent microenvironments devoid of
radionuclides. Although these temperature gradients would be small, they
could cause condensation of H20 within the rooms. This condensation could
dissolve salts from the backfill and form a film of brine on relatively
cool surfaces such as drums and boxes (1.10.3).

In lieu of modeling studies of the thermal response of the contents of
WIPP disposal rooms to RH TRU waste, Brush specified a temperature of 30°C
for the laboratory and modeling studies described herein. Most
investigators are carrying out their experiments at this temperature.
However, in some cases they conduct experiments at 25°C or at ambient
laboratory temperatures.

1.10.2 Pressure

The surface elevation of the WIPP Site is 1,039 m above sea level;
therefore, the repository horizon is 384 m above sea level. The pressure
in WIPP disposal rooms during filling and sealing will be slightly less
than 1 atm.



In the absence of gas production by the waste, closure of WIPP disposal
rooms would eventually increase the pressure to a value between the hydro-
static pressure at the depth of the repository (about 100 atm) and the
lithostatic pressure (about 150 atm).

Weatherby, Arguello, and Stone (1989) concluded that the gas production
rates estimated by Lappin et al. (1989) may pressurize the repository
slowly enough to maintain a compressive stress field around it. This "hoop
stress" would prevent the formation of new fractures, or the extension or
widening of preexisting fractures, and would allow the pressure to increase
to greater than 150 atm before reversal of room closure would slowly de-
crease the pressure. Weatherby, Arguello, and Stone calculated a maximum
pressure of about 200 atm based on the gas production rates and potentials
estimated for anoxic corrosion of Fe and Fe-base alloys (3.1) and microbial
degradation of cellulosics (4.1) by Lappin et al. Clearly, gas production
in excess of the total potential estimated by Lappin et al. would result in
a maximum pressure greater than 200 atm; escape of gas through fractures
would preclude pressures in excess of 150 atm.

The rates of gas production from anoxic corrosion, microbial activity,
and radiolysis may vary inversely with pressure. Experiments at high
pressure are difficult and time-consuming. Therefore, most investigators
are carrying out their studies of these processes at pressures of about
1 atm, and will extend them to high pressures only if there is reason to
suspect that pressure will affect these processes.

1.10.3 Water Content

The humidity in the WIPP underground workings is currently similar to
that of the surface air (low and variable) because of ventilation of the

mine. However, very soon after the repository is filled and sealed the
humidity of mine air trapped in void spaces will rise until it reaches
equilibrium with the brine in the surrounding DRZ. Saturation of all of

the void spaces in one room will require the evaporation of only a few tens
of liters of H90 from brine in the DRZ. The thermodynamic activity of H0
vapor will then be equal to its activity in the brine, about 0.7 (3.2.1.1),
and the relative humidity will be 70%. Brush refers to these conditions as
"humid" from this point on.

Brines from the surrounding Salado Fm. will start to accumulate in WIPP
disposal rooms after they are filled and sealed and the humidity reaches
73%. These brines are currently seeping into the underground workings, but
rarely accumulate because of evaporation caused by ventilation of the mine.
Brines could also enter the repository if an exploratory drillhole pene-
trates both a disposal room and a brine reservoir in the Castile Fm. In
the unlikely event of degradation of the shaft and panel seals, fluids from
overlying formations could seep down the shafts, along the drifts, and
around or through the seals to the rooms.

Even under humid conditions, thermal gradients may cause condensation
of H70 within WIPP disposal rooms and form small quantities of brine in
relatively cool microenviromments (1.10.1).



There are still significant uncertainties in predictions of the rates
at which these fluids could accumulate in WIPP disposal rooms and the

quantities of fluids that could eventually accumulate. Because of these
uncertainties, it is necessary to assume that partial or even complete
resaturation of the void spaces could eventually occur. Brush refers to

these conditions as "inundated."

The rates of gas production from anoxic corrosion, microbial activity,
and radiolysis could be higher under inundated conditions than under humid
conditions. Most investigators are carrying out their studies of these
processes under both humid and inundated conditions.

1.10.4 Eh and pH

In general, the concept of a system-wide Eh is invalid in aqueous, geo-
chemical systems at a temperature of 30°C (for example, Lindberg and
Runnells, 1984). This is because the kinetics of most oxidation-reduction
(redox) reactions are so slow at this temperature that redox reactions
rarely reach equilibrium, and the Eh calculated from the activity ratio of
one redox couple rarely agrees with the wvalues calculated from other
couples or with the value measured with an Eh electrode. However, micro-
bial activity is known to catalyze "inorganic" redox reactions in natural
systems (for example, Berner, 1980; Froelich et al., 1979). Significant
microbial activity may occur in WIPP disposal rooms, catalyze redox reac-
tions, and make the concept of a system-wide Eh meaningful. Laboratory
studies of microbial activity are under way or planned (4.4). The bin-
scale and alcove tests with CH TRU waste (Molecke, 1990a; 1990b) will also
provide information on microbial activity.

The Eh of any brine accumulating in WIPP disposal rooms immediately
after filling and sealing would be similar to that of fluids in equilibrium
with atmospheric 07. Subsequent reactions between brine and the contents
of the repository could decrease its Eh significantly, however. Corrosion
of metals and microbial activity will reduce the Eh. Microbial activity,
for example, could lower the Eh to values characteristic of denitrification
or NO3~ reduction, 8042‘ reduction, or even fermentation and
methanogenesis. It is impossible to specify numerical Eh values for these
processes because they depend on pH, which would vary significantly given
the current design of the repository.

Reactions between brine and the contents of WIPP disposal rooms could
increase or decrease the pH significantly from initial mildly acidic values
(2.3.1.3). Microbial production of COy could decrease the pH of the brine
to acidic wvalues. Reactions between brine and cements used to remove
liquids from sludges, grouts used in seals, or grouts proposed to reduce
the permeability of WIPP disposal rooms (Butcher, 1990) could increase the
pH to basic wvalues. Reactions between brine and the backfill additives
Ca0, KOH, or NaOH (6.1) could increase the pH to very basic values.

At any given time, the Eh and pH could vary significantly over short
distances, perhaps just a few centimeters, because of the heterogeneous
nature of design-basis waste. Oxidizing conditions, for example, could
persist for long periods near large, radionuclide-bearing particles because
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of continuous radiolytic production of 09 and other oxidizing species from
brine or sludges. Simultaneously, adjacent microenvironments devoid of
radionuclides but with large quantities of organic matter and significant
anaerobic microbial activity could rapidly become reducing. The pH could
vary from acidic values in microenvironments containing microbially
produced CO2 to basic values near cements and grouts.

Because of these expected variations, it is difficult to rule out any
possible combinations of Eh and pH at the start of these laboratory
studies. Therefore, a major objective of the studies of repository
chemistry is to determine whether the processes described above will
actually produce such variable conditions.

1.10.5 Nonradioactive Constituents of TRU Waste

The types and quantities of metals, cellulosics, plastics, rubbers, and
organic and inorganic ligands in the TRU waste to be emplaced in the WIPP
could affect the nature and extent of anoxic corrosion, microbial activity,
radiolysis, and the behavior of radionuclides in any brine present in WIPP
disposal rooms. An inventory of nonradioactive waste constituents is
necessary for the design of realistic laboratory studies and for the
interpretation and extrapolation of results from the bin-scale and alcove
tests with TRU waste,

Drez and James-Lipponer (1989) developed a preliminary inventory of the
nonradioactive constituents of the CH TRU waste to be emplaced in the WIPP.
They will revise it if the waste generators modify their use or disposal of
materials significantly or supplement it if specific needs for data on
additional constituents arise. Descriptions of relevant aspects of this
inventory appear throughout this Test Plan.
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2.0 BRINE CHEMISTRY
2.1 JUSTIFICATION FOR LABORATORY AND MODELING STUDIES

Laboratory and modeling studies of repository and radionuclide chemis-
try, and bin-scale tests with contact-handled (CH) transuranic (TRU) waste
(Molecke, 1990a), require the use of brines that simulate the chemical
composition of brines that could enter Waste Isolation Pilot Plant (WIPP)
disposal rooms after filling and sealing. Because the number of parameters
that must be varied in these studies is large, it is necessary to define
the composition of a few standard brines to reduce the number of experi-
ments, yet still realistically simulate expected repository conditions.
The use of standard brine compositions will also ensure the comparability
of experimental results.

Because other studies of repository and radionuclide chemistry are just
starting, the extent to which chemical variations in WIPP brines will
affect anoxic corrosion of metals, microbial degradation of cellulosics,
radiolysis, the behavior of proposed backfill additives, or the chemical
behavior of radionuclides is still unknown. It is difficult, therefore, to
specify the level of understanding of brine chemistry necessary to predict
the long-term performance of the repository.

Brush has identified the various sources of fluids that could enter
WIPP disposal rooms after filling and sealing (2.2), but 1laboratory,
modeling, and field studies (2.4) are necessary to predict the average
compositions and expected variability of these brines as they enter the
repository. These studies emphasize the major-element chemistry of WIPP
brines. Because it is usually much more difficult to analyze for minor and
trace elements in brines, characterization of these constituents is lower
priority, unless they could affect repository and radionuclide chemistry
significantly. The inorganic C species C032-, for example, could increase
the solubilities of several of the radionuclides in TRU waste by forming
complexes with them.

In lieu of the results of these studies, most investigators are using
brines collected from the WIPP underground workings for their initial
laboratory studies of repository and radionuclide chemistry. Brush has
defined preliminary, standard compositions for synthetic brines for
Molecke’s (1990a) bin-scale tests with CH TRU waste.

2.2 SOURCES OF FLUIDS THAT COULD ENTER THE REPOSITORY

The release events being considered for the long-term performance
assessment of the WIPP (Hunter, 1989; Marietta et al., 1989; Guzowski,
1990) imply that brines from the Salado and the Castile Fm. could enter the
repository (2.2.1 and 2.2.2, respectively). For the base-case scenario,
Brush is also considering fluids from overlying formations (2.2.3).

2.2.1 Salado-Fm. Brines

Intergranular brines from the Salado Fm. at or near the stratigraphic
horizon of the repository are seeping into the WIPP underground workings
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through the ribs and, to a lesser extent, the back and the floor. These
brines rarely accumulate because of evaporation caused by ventilation of
the mine. After filling and sealing, however, the air trapped in voids
will become saturated with H90 vapor, and these brines could accumulate.

The intragranular brines (fluid inclusions) that occur in the Salado
Fm., on the other hand, will not migrate in the absence of a significant
thermal gradient. Although stress-relief fracturing in the disturbed-rock
zone (DRZ) could release minor quantities of these intragranular fluids,
which could then mix with intergranular brines, Brush is not considering
fluid inclusions in these studies of repository and radionuclide chemistry
at this time. "Salado-Fm. brine"” refers to intergranular brine from this
point on.

2.2.2 Castile-Fm. Brines

Brines also occur in isolated but occasionally large (800,000-m3)
reservoirs in the underlying Castile Fm. (the volume of an empty, newly
excavated WIPP disposal room is 3,640 m3). For their calculations, Lappin
et al. (1989) assumed that brine reservoirs occur beneath WIPP waste-
emplacement panels. These brines could enter the repository if an explora-
tory drillhole penetrates both a disposal room and a brine reservoir.
These brines could in turn react with brines and minerals from the Salado
Fm. If so, the composition of these Castile-Fm. brines could change
significantly, but would not necessarily resemble that of Salado-Fm.
brines.

2.2.3 Fluids from Overlying Formations

In the unlikely event of degradation of the shaft and panel seals,
fluids from overlying formations could seep down the shafts, along the
drifts, and around or through the seals to the rooms. Because most fluids
from overlying formations are undersaturated with respect to the minerals
in the Salado Fm., they would dissolve salts from the backfill and the
Salado Fm. In the process, they would become saturated brines. The
composition of these brines could be significantly different from Salado-
Fm. brines.

2.3 PRELIMINARY DEFINITION OF STANDARD BRINE COMPOSITIONS

Most investigators are using brines collected from the WIPP underground
workings for their initial laboratory studies of repository and radio-
nuclide chemistry. Brush has defined preliminary, standard compositions
for synthetic Salado- and Castile-Fm. brines for Molecke’'s (1990a) bin-
scale tests with CH TRU waste. Brush is evaluating the results of previous
studies to define preliminary, standard compositions for fluids from over-
lying formations.

2.3.1 Salado-Fm. Brines

Two groups are studying the chemistry of brines from the Salado Fm.
Stein and Krumhansl (1986, 1988) collected brines from five short (up to
20 cm) floor holes and 24 short (up to 25 cm) horizontal holes in the
northern, experimental area of the WIPP underground workings. They
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referred to these samples as "brine weeps." Stein and Krumhansl (1986,
1988) also collected brines from 18 downholes in the northern area of the
mine; they referred to these holes, which extend to depths of about 1 m, as
"floor holes." Stein and Krumhansl (1986, 1988) analyzed their samples at
Sandia National Laboratories (SNL). They are collecting and analyzing
additional brines from new horizontal holes (2.4.2). Deal et al. (1989)
collected brines from several drillholes that penetrate up to 15 m above
the back or below the floor of the drifts, as well as from a few short (up
to 1 m) horizontal holes and a floor seep. These holes are located mainly
in the northern part of the WIPP underground workings. This study is part
of the ongoing Brine Sampling and Evaluation Program (BSEP), which is also
monitoring the accumulation rates of brines in these holes (Deal and Case,
1987; Deal et al., 1989). Deal et al. (1989) sent their samples to
International Technology (IT) Corporation in Export, Pa., and United
Nuclear Corporation Geotech (UNC) in Grand Junction, Co., for chemical
analysis, In addition to the data reported by Deal et al. (1989), Deal
(1989) provided unpublished BSEP results for inclusion in the preliminary,
standard Salado-Fm. brines described below (2.3.1.3). This group will
continue to collect brines from these and additional holes and will send
them to one or both of these laboratories for analysis.

2.3.1.1 CHEMICAL VARTATIONS IN SALADO-FM. BRINES

Chemical variations exist within the BSEP data reported by Deal (1989)
and Deal et al. (1989). Because the extent to which these variations will
affect repository and radionuclide chemistry is still unknown, it is
unclear whether they are significant. The concentrations of Br-, Cl-, and
Mg2+ in brines collected from three BSEP upholes, for example, generally
differ from the respective concentrations of these elements in brines from
ten BSEP downholes. The concentrations of CaZ*, K*, Na'*, and S042-, on the
other hand, are generally similar in both BSEP upholes and downholes. The
BSEP has obtained data for B (probably present mainly as H3BO3 and HB407-
or H3BO3 and B(OH)4~, but referred to herein as B3+) and total inorganic
carbon (TIC), as well as for pH, specific gravity (SG), and total dissolved
solids (TDS), but Brush has not yet compared the concentrations of these
elements or the values of these chemical properties in BSEP upholes and
downholes. Brush has also not evaluated the results reported by the BSEP
for numerous minor and trace elements at this time because these elements
will probably not affect repository and radionuclide chemistry signifi-
cantly, The differences between the concentrations of Br-, Cl-, and Mg2+
in BSEP upholes and downholes could result from different sampling arti-
facts associated with each type of hole. Samples collected from the
upholes, for example, accumulate in containers suspended from the collars
of the holes. As they trickle down through the DRZ, these brines probably
change composition due to evaporation from mine air passing through small
fractures caused by excavation of the drifts and subsequent dilation of the
rock. As the brines evaporate, they could also change composition due to
reactions with minerals in the back. The effects of evaporation are
probably more significant in the case of upholes than downholes because all
of the fluids collected from the former trickle down through and accumulate
in the DRZ, whereas only fluids from the top few meters of the downholes
trickle down through the DRZ prior to accumulation. Brines collected from
the downholes, on the other hand, could be contaminated during sampling by
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material from the floor of the drifts. The differences between the concen-
trations of Br-, Cl-, and Mg2+ in BSEP upholes and downholes could also
result from stratigraphic differences in Salado-Fm. brines.

Potentially significant chemical variations also exist between the data
reported by Deal (1989) and Deal et al. (1989), and those obtained by Stein
and Krumhansl (1986, 1988). The concentrations of Br- and Cl- in brines
from BSEP upholes and downholes, for example, generally differ from the
respective concentrations of these elements in samples collected by Stein
and Krumhansl (1986, 1988) from 24 horizontal holes. The concentrations of
caZ+, K*, Mg2*, Nat, and SO42-, on the other hand, are generally similar in
brines from the BSEP holes and the holes sampled by Stein and Krumhansl
(1986, 1988). The differences between the concentrations of Br- and Cl-
reported by Deal (1989) and Deal et al. (1989), and those obtained by Stein
and Krumhansl (1986, 1988) could result from sampling artifacts such as
those discussed above, or stratigraphic differences. They could also
result from differences in the sampling techniques, the method of shipping
used by the two groups studying these brines, or from differences in the
laboratory techniques used at the IT and UNC laboratories, and those used
by Stein and Krumhansl (1986, 1988) at SNL.

2.3.1.2 COLLECTION OF SALADO-FM. BRINES AND MINERALS FROM THE WIPP
UNDERGROUND WORKINGS

Most investigators are using brines collected from the WIPP underground
workings for their initial laboratory studies of repository and radio-
nuclide chemistry. They use these brines instead of synthesizing brines
because: (1) the choice of data used to compute the composition of
standard brines from the Salado Fm. and how those data are weighted
(2.3.1.3) introduce uncertainties as large as the chemical wvariations
observed in brines collected from the WIPP underground workings, at least
until Brush quantifies the causes of chemical variations described in
2.3.1.1; (2) it is proving difficult to synthesize a brine with the com-
position calculated in 2.3.1.3; (3) the concentrations of most minor and
trace elements in brines collected from the WIPP underground workings are
probably more representative of their concentrations in Salado-Fm. brines
than the limited analytical data obtained to date, at least for those
elements not sorbed by the walls of the containers, because Brush has not
yet included the data for many minor and trace elements in his studies of
the causes of chemical variations (2.4.1 through 2.4.4).

Brush has collected brines from three BSEP downholes (DH36, DH42A, and
NG252) and a BSEP floor seep (G Seep). Figure 2.1 shows the locations of
these holes. He will continue to collect brines from DH36, DH42A, and G
Seep as long as these holes continue to produce sufficient quantities of

brine. Sampling requirements for the ongoing BSEP chemical analyses
receive higher priority than collection of brines for these laboratory
studies. Collection of brine from NG252 is no longer possible because
Room 2 has been closed due to safety concerns. When sampling brines for

laboratory studies, he records the date and the volumes collected and
reports them to BSEP personnel for use in their studies of brine influx. A
detailed description of the procedures used for the collection of these
samples appears elsewhere (Deal and Case, 1987; Deal et al., 1989).
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Figure 2.1. Map of the WIPP Underground Workings with Locations of BSEP

Holes (after Deal et al., 1989).
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As soon as possible after collection, Brush transports these brines to
Albuquerque. He usually transports these samples by automobile, but some-
times hand-carries them aboard commercial aircraft or ships them as checked

baggage.

At SNL, Brush stores brines in 25-L polyethylene containers with
spigots at room temperature until needed. He combines brines sampled from
the same BSEP downhole or floor seep at different times in the same con-
tainer, but stores brines from different holes in separate containers. As
soon as possible after he fills a container, he sends duplicate samples by
express air mail to UNC for analysis. He usually ships samples of various
sizes to his subcontractors by express air mail, but sometimes hand-carries
them aboard commercial aircraft or ships them as checked baggage. He tries
to avoid shipping them by surface mail because the prolonged exposure to
extreme temperatures and repeated temperature changes that could occur
during this form of shipment may induce irreversible dissolution and pre-
cipitation of salts and concomitant changes in their composition. To check
for compositional changes, each subcontractor analyzes his or her brine as
soon as possible after receipt.

Brush maintains records for each 25-L container that include the
collection date of all samples added to the container, the name or names
of the personnel who collected the samples, the method by which samples
were shipped from the WIPP Site to SNL, the distribution date of all
samples withdrawn from the container, the subcontractor to whom samples
were shipped, the method by which samples were shipped from SNL to the
subcontractor, and any chemical analyses of brines from the container,
either by SNL or its subcontractors. Table 2.1 gives the average
compositions of brines collected to date from DH36 and G Seep.

Brush also collects and stores minerals from the WIPP underground
workings for use in some of the studies with brines. He collects these
minerals from piles of muck mined from the drifts in which waste will be
emplaced.

2.3.1.3 PRELIMINARY DEFINITION OF A STANDARD SALADO-FM. BRINE COMPOSITION

Molecke (1990a) 1is planning bin-scale tests with CH TRU waste. The
volume of brine required for these tests is too large to collect from the
WIPP underground workings. Brush therefore defined a preliminary,
standard composition for brine from the Salado Fm. and is developing a
formulation for this brine (a description of this formulation will appear
elsewhere). The composition of this or any other "average"” Salado-Fm.
brine depends on the data used to compute its composition and how those
data are weighted. Because he cannot yet explain the chemical variations
described in 2.3.1.1, these choices are arbitrary. The composition of this
Salado-Fm. brine is subject to revision as he quantifies the causes of
these chemical variations.

Brush defined the standard brines presented in Table 2.1, Salado Brines
1, 2, and 3 (SB-1, SB-2, and SB-3), as follows. First, he included data
from 29 chemical analyses of brine weeps (brines from five short f£floor
holes and 24 short horizontal holes) from Stein and Krumhansl (1986, 1988),
as well as data for brines from 12 holes (ten long downholes, one short
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TABLE 2.1

COMPARISON OF THE COMPOSITIONS OF BRINES COLLECTED FROM THE WIPP
UNDERGROUND WORKINGS AND PRELIMINARY, STANDARD BRINES

Element or

Chemical

Property DH362 G Seepb SB-1¢ SB-2 SB-3
Alk. (mM)d 11.9 12.0 13.7 13.8 -
Alk., ext. (mM)e - - 14.8 15.7 -
B3+ (mM)f 137 144 152 148 127
Br- (mM) ? 17.1 13 13 14
ca2* (mM) 9.60 7.68 10 9 9
Cl- (M) 5.37 5.10 6.04 6.02 6.01
Eh (mV)8& - - - - -
Kt (mM) 472 350 500 510 510
Mg2t (M) 0.817 0.630 1.0 1.0 1.0
Nat (M) 3.67 4.11 3.9 3.9 3.9
pH (std. units) 6.0 6.1 6.0 6.1 6.0
SG 1.22 1.23 1.22 1.22 1.22
S042- (mM) 173 303 160 170 170
TDS (mg/1) 346,000 355,000 385,000 378,000 372,000
TIC (uM)h 13.9 11.5 370 - -
a. Average composition of 25 L of brine collected from the WIPP underground

workings and analyzed by UNC (2.3.1.2).

Average composition of 200 L of brine collected from the WIPP underground
workings and analyzed by UNC (2.3.1.2).

Defined by Brush and Anderson (1988b).

Alkalinity reported as equivalent HCO3~ (solutions titrated to pH = 4.5),
but most of the alkalinity probably reflects B(III) species (analyses for
TIC average only 370 uM in SB-1).

Extended alkalinity reported as equivalent HCO3~ (solutions titrated to
pH = 2.5 to 3.0).

Probably present mainly as H3BO3 and HB407- or H3BO3 and B(OH),".

Eh not measured with an Eh electrode or calculated theoretically, but
assumed for SB-1, SB-2, SB-3, Brine A, and Brine B to be similar to that
of fluids in equilibrium with atmospheric oxygen 2 (for example, Garrels
and Christ, 1963, Figure 11.2).

TIC unspecified for SB-2 and SB-3 because it varied by a few orders of
magnitude from sample to sample and was undetectable in several samples.
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floor hole, and one short horizontal hole) reported by Deal (1989) and Deal

et al. (1989). Brush excluded data for fluid inclusions from Stein and
Krumhansl (1986, 1988) because intragranular brines will not migrate in the
absence of a significant thermal gradient. He also excluded data for the

floor holes (downholes) sampled by Stein and Krumhansl (1986, 1988) because
they did not evacuate these holes, which were probably contaminated with
large quantities of material from the drifts and the sides of the holes
(Deal and Case, 1987), prior to collecting their samples. He also excluded
the datum for 5042' from Sample 19 of Stein and Krumhansl (1986, 1988)
because the reported value is so high that it is clearly erroneous. He
excluded data from all of the BTP holes (a subset of the BSEP holes)
because the BTP holes are contaminated with fluids from the Rustler Fm.
spread in the mine to control dust and from grout. He excluded data from
upholes sampled by Deal (1989) and Deal et al. (1989) because fluids from
the upholes probably changed composition to a much greater extent than
fluids from the downholes due to evaporation and/or reaction with minerals
in the back during accumulation (2.3.1). Second, for those holes that
yielded sufficient brine for replicate analyses, Brush averaged the results
for each element or chemical property to obtain one value for each sampling
date. If two laboratories analyzed samples obtained from a given hole on
the same date and either of these laboratories carried out replicate
analyses, he averaged all of the replicate results from both laboratories
simultaneously to obtain one value for each element or chemical property
for that hole on that date. For those holes sampled more than once, he
averaged the results for each element or chemical property from each
sampling date to obtain one value for each hole. Third, Brush averaged
the results for each element or chemical property from the 41 holes
considered to obtain an overall average for each element or chemical
property in this standard brine. He did not weight the value for each hole
for the integrated volume of brine that has accumulated in that hole to
date, for the most recently measured accumulation rate, nor for any other
such factor. The differences between SB-1, SB-2, and SB-3 (Table 2.1)
arise mainly from the fact that Deal (1989) provided additional BSEP data
subsequent to the definition of SB-1. Table 2.2 compares the compositions
of SB-1, SB-2, and SB-3 to the compositions of the previously defined
standard brines, Brines A and B (Molecke, 1976; 1983).

Clearly, Brush could have used different methods to define a standard
brine from the Salado Fm. and might do so in the future. It might be
preferable, for example, to weight the data obtained for each hole for the
volume of brine that has accumulated in that hole to date, for the most
recently measured accumulation rate, or for a similar factor. However,
this would bias the results in favor of the BSEP data at the expense of the
data from Stein and Krumhansl (1986, 1988) because the BSEP requires a
relatively large volume of brine for chemical analyses and measures the
accumulation rates of these brines on an ongoing basis, whereas Stein and
Krumhansl (1986, 1988) analyzed relatively small volumes of brine and
sampled their holes only once. Furthermore, the results of the interlabor-
atory comparison study (2.4.3) might imply that data from one of the
analytical laboratories should be excluded. The results of the ongoing
investigation of brine chemistry, especially the statistical analysis of
the causes of chemical variations, will ultimately determine the best
method for the definition of the average composition of Salado-Fm. brines.
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TABLE 2.2

COMPARISON OF THE COMPOSITIONS OF G-SEEP, SB-3, AND PREVIOUS STANDARD BRINES

Element or

Chemical

Property G Seep? SB-3 Brine AD Brine B€
Alk. (mM)d 12.0 - - -
Alk., ext. (mM)€ - - - -
B3+ mM)f 144 127 20 20
Br- (mM) 17.1 14 10 10
CaZ+ (mM) 7.68 9 20 20
Cl- (M) 5.10 6.01 5.35 4.93
Eh (mV)8 - - - .
K+ (mM) 350 510 770 <5
Mg+ (M) 0.630 1.0 1.44 < 0.005
Nat (M) 4.11 3.9 1.83 5.00
pH (std. units) 6.1 6.0 6.5 6.5
SG 1.23 1.22 1.2 1.2
S042- (mM) 303 170 40 40
TDS (mg/1) 355,000 372,000 306,000 297,000
TIC (mM)h 0.0115 - 10 10
a. Average composition of 200 L of brine collected from the WIPP under-

ground workings and analyzed by UNC (2.3.1.2).

Standard brine developed by Molecke (1976, 1983) to simulate fluids
equilibrated with K*- and Mg2*-bearing minerals in overlying potash-
bearing zones prior to entering the WIPP.

Standard brine developed by Molecke (1976, 1983) to simulate fluids
entering a domal salt repository or relatively pure halite.

Alkalinity reported as equivalent HCO3~ (solutions titrated to pH =
4.5), but most of the alkalinity probably reflects B(III) species.
Extended alkalinity reported as equivalent HCO3- (solutions titrated to
pH = 2.5 to 3.0).

Probably present mainly as H3BO3 and HB407- or H3BO3 and B(OH),".

Eh not measured with an Eh electrode or calculated theoretically, but
assumed for SB-1, SB-2, SB-3, Brine A, and Brine B to be similar to that
of fluids in equilibrium with atmospheric 09 (for example, Garrels and
Christ, 1963, Figure 11.2).

TIC unspecified for SB-2 and SB-3 because it varied by a few orders of
magnitude from sample to sample, and was undetectable in several
samples.
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Although SB-3 is still a preliminary estimate of the average composi-
tion of brines from the Salado Fm. at or near the stratigraphic horizon of
the WIPP underground workings, preliminary modeling carried out by Brush
with the geochemical code EQ3NR (Wolery, 1983; Jackson and Wolery, 1985;
also 8.2.1) implies that this brine is at or close to equilibrium with most
of the major and minor minerals in the Salado Fm. Stein (1985) charac-
terized the mineralogy of the Salado Fm. at and near the stratigraphic
horizon of the repository; a brief description of that study appears in
6.2.2. SB-3 is at or close to equilibrium with anhydrite (CaSOy), basanite
(CaS0,4-0.5H90), gypsum (CaSO4-2H90), and halite (NaCl). Because the con-
centration of TIC (CO2, HoCO3, HCO3-, and CO32') has not been determined
reliably (Table 2.1), it is unclear whether SB-3 is in equilibrium with
magnesite (MgCO3). It is also unclear whether SB-3 is in equilibrium with
various clay minerals and quartz (Si0Op) because the ion interaction
parameters required to compute the activity coefficients for Al(III) and
Si(IV) species in brines, and hence the solubilities of clays and quartz,
have not yet been determined experimentally and incorporated into the EQ3NR
data base (8.2.1, 8.2.3, and 8.3.1.1).

2.3.2 Castile-Fm. Brines

Popielak et al. (1983) investigated the occurrence of brine reservoirs
in the Castile Fm. in the vicinity of the WIPP Site and analyzed numerous
samples of these brines from three drillholes. Because the WIPP Project
has not studied the chemistry of these fluids since the investigation of
Popielak et al. (1983), Brush will use the results of their chemical
analyses to define a standard Castile-Fm. brine for studies of repository
and radionuclide chemistry.

Brush and Anderson (1988b) used the average chemical composition of
WIPP-12 (Table 2.3) reported by Popielak et al. (1983) for preliminary
estimates of the speciation and solubilities of radionuclides in Castile-
Fm. brines (7.2). They selected WIPP-12 because, of the three drillholes
studied by Popielak et al. (1983), it is the closest to the WIPP Site,
about 1.5 km north of the Waste Handling Shaft.

Since these estimates Brush has noticed that the average composition
for WIPP-12 reported by Popielak et al. (1983) deviated from electrical
neutrality by about 1 M. Because this deviation is so large, Brush decided
to use ERDA-6 (Table 2.3) as his standard fluid from a Castile brine
reservoir, despite the fact that ERDA-6 is 11 km northeast of the Waste
Handling Shaft.

Because the brines from ERDA-6 are not necessarily representative of
any Castile-Fm. brines that may occur beneath the repository, Brush may
also use data for Union (Table 2.3), the third well studied by Popielak
et al. (1983), for his study of reactions between Castile-Fm. brines and
Salado-Fm. brines and minerals (2.4.5).

Brush is developing a formulation for ERDA-6 for Molecke's bin-scale

tests with CH TRU waste. A description of this formulation will appear
elsewhere.
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TABLE 2.3

COMPARISON OF THE AVERAGE COMPOSITIONS OF BRINES FROM RESERVOIRS
IN THE CASTILE FM.2

Element or

Chemical

Property ERDA-6 WIPP-12 Union
Alk. (mM)b.c 43 47 35
B3+ (mM)d.e 63 92 100
Br- (mM)e 11 6.4 6.0
Ca2t (mM)e 12 8.7 8.5
cl- (M)e 4.8 5.02 4.8
Eh (mv)f -152 -225 -233
Kt (mM)e 97 74 100
Mg2+ (mM)e 19 66 86
Nat (M)e 4.87 6.00 4.83
pH (std. units)f 6.17 7.06 7.10
SG8 1.216 1.215 1.216
S042- (mM)e 170 190 230
TDS (mg/1)€ 330,000 328,000 390,000
TIC (mM)h,i 16 5.6 -

a. From Popielak et al. (1983).

Reported as equivalent HCO3~, but probably reflects B(III) species (TIC
averages only 16 mM in ERDA 6 and 5.6 mM in WIPP 12).

Average of 20 field determinations from ERDA-6, 55 from WIPP-12, and
three from Union.

Probably present mainly as H3BO3 and HB407- or H3BO3 and B(OH)4".

Average of ten laboratory determinations from ERDA-6, 13 from WIPP-12,
and three from Union.

Average of 40 field determinations from ERDA-6, 59 from WIPP-12, and four
from Union.

Average of 39 field determinations from ERDA-6, 59 from WIPP-12, and four
from Union.

Reported as equivalent HCO3".

Number and location of determinations unspecified.
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2.3.3 Fluids from Overlying Formations

Two groups are studying the chemistry of fluids from the Rustler Fm.
and the Rustler/Salado contact zone in the vicinity of the WIPP Site. For
results from the Water Quality Sampling Program, see: Uhland and Randall,
1986; Uhland, Randall, and Carrasco, 1987; Randall, Crawley, and Lyon,
1988. See Robinson (1988) and Lappin et al. (1989) for results from SNL.
These groups participate in an interlaboratory comparison study comparable
to that under way for analyses of brines from the Salado Fm. (2.4.3).

Brush is evaluating these previously published results to select
chemical analyses of fluids that could seep down the shafts, along the
drifts, and around or through the seals to WIPP disposal rooms. Brush is
currently using five of these fluids (Table 2.4) for his study of reactions
between fluids from overlying formations and Salado-Fm. brines and minerals
(2.4.6).

Eventually, Brush might also consider fluids from overlying formations
other than the Rustler Fm.

2.4 DESCRIPTION OF LABORATORY, MODELING, AND FIELD STUDIES

The objectives of these studies are to: (1) quantify the causes of
chemical variations in brines from the Salado Fm. (2.4.1); (2) quantify any
spatial or stratigraphic variations in Salado-Fm. brines (2.4.2); (3) quan-
tify the variations caused by differences in the analytical techniques used
by the three laboratories analyzing Salado-Fm. brines (2.4.3); (4) quantify
the effects of sampling artifacts described in 2.3.1.1 on variations in
Salado-Fm. brines (2.4.4); (5) simulate reactions between fluids from the
Castile Fm. or overlying formations and Salado-Fm. brines and minerals
(2.4.5 and 2.4.6).

B. M. Rutherford of SNL developed a statistical model to quantify the
possible causes of chemical variations in brines from the Salado Fm.
(2.4.1) and used it to analyze data obtained by Stein and Krumhansl (1986,
1988), Deal (1989), and Deal et al. (1989). This analysis is guiding
additional characterization of these brines and an interlaboratory
comparison. As Rutherford obtains results from these studies, he will
revise the model and use it to define a standard Salado-Fm. brine and its
possible compositional variations.

C. L. Stein and J. L. Krumhansl of SNL are quantifying any spatial
and stratigraphic chemical variations in Salado-Fm. brines (2.4.2).
Rutherford’'s (1989) statistical analysis of the causes of chemical varia-
tions in brines from the Salado Fm. implies that hole type (uphole, hori-
zontal hole, or downhole) is significant. However, it is unclear whether
the variations associated with hole type are caused by sampling artifacts
peculiar to each type of hole or stratigraphic differences in brine chemis-
try. His analysis also suggests that brines from the eastern and western
ends of the northern, experimental area of the WIPP underground workings
are similar chemically; there are insufficient data at present to determine
whether the brines from the southern area of the mine, where waste will
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TABLE 2.4

COMPARISON OF THE COMPOSITIONS OF SELECTED FLUIDS FROM OVERLYING FORMATIONS@

Element or Alir
Chemical Intake
Property Shafta,b H-1b,c H-1¢,d H-1¢.e WIPP-19b,c

Alk. (mM)f 1.1 1.6 1.5 11 1.4
B3+ (mM)8 2.8 0.22 0.20 10 3.1h
Br- (mM) 0.37 - - - 1.30h
CaZt (mM) 23 19 22 320 46h
Cl- (mM) 567 340 230 5,900 1,700h
Kt (mM) 8.3 4.9 1.8 430 21h
Mg+ (mM) 23 12 11 1,200 ggh
Nat (mM) 600 410 250 2,400 1,400h
pH (std. units) 7.71 7.6 7.4 7.9 7.0
SG 1.04 1.022] 1.021] 1.233,k 1.07
S042- (mM) 77 77 41 5.4 54h
TDS (mg/1) 42,6001 30,000 18,900 330,000 102,000h

a. From Siegel (personal communication).

b. Sampled from the Culebra Dolomite, a member of the Rustler Fm.

c. From a compilation of previous analyses by Lappin et al. (1989).

d. Sampled from the Magenta Dolomite, a member of the Rustler Fm.

e. Sampled from the Rustler/Salado contact zone.

f. Alkalinity reported as equivalent HCO3".

g. Probably present mainly as H3BO3 and HB407- or H3BO3 and B(OH),".

h. Represents average of range reported by Lappin et al. (1989).

1. Represents average of two values reported by Siegel (personal communica-
tion).

j. Represents densities in g/cm3.

k Estimated for use in EQ3/6.

be emplaced, are similar to brines from the northern area. Stein and

Krumhansl are therefore carrying out additional characterization (sampling
and analysis) of these brines.

Brush is quantifying the variations caused by differences in the

analytical techniques used by the laboratories analyzing Salado-Fm. brines
(2.4.3). Rutherford’'s (1989) analysis implies that differences among the
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techniques used by the three laboratories analyzing these brines and tem-
poral variations in the techniques used at each laboratory are significant.
Brush 1is carrying out an interlaboratory comparison to quantify these
variations.

Brush will also quantify the effects of sampling artifacts on chemical
variations in Salado-Fm. brines (2.4.4)., Sampling artifacts peculiar to
each type of hole could contribute to the chemical differences between
brines collected from upholes, horizontal holes, and downholes (2.3.1.1).

Finally, Brush will simulate reactions between brines from the Castile
or overlying formations and brines and minerals from the Salado Fm. to
predict the most 1likely compositions and expected variability of these
fluids from other formations after they enter the repository and react with
its contents (2.4.5 and 2.4.6). Because degradation of the shaft and panel
seals and seepage of fluids down the shafts and along the drifts to the
waste is unlikely, the study with fluids from overlying formations has low
priority.

2.4.1 gqantification of the Causes of Chemical Variations in Salado-Fm.
rines

Rutherford (1989) developed a statistical model of the causes of chemi-
cal variations in brines from the Salado Fm. This model includes terms
that represent: (l) variations caused by hole type (this term encompasses
variations due to artifacts such as differential evaporation associated
with upholes, downholes, floor holes, and horizontal holes, and any strati-
graphic variations); (2) large-scale and small-scale spatial variations;
(3) interlaboratory and intralaboratory variations caused by differences in
personnel or procedures among the three laboratories analyzing Salado-Fm.
brines, changes in personnel or procedures at a given laboratory, or the
inherent variations in a procedure at a given laboratory at a given time;
(4) temporal variations resulting from in situ variations in brine chemis-
try, variations in collection, storage, and shipping procedures, or sea-
sonal effects on collection, storage, and shipping; (5) random variations.
The model includes terms that represent each type of variation separately
and terms that represent interactions between separate types of variations.

Based on his analysis of data reported by Stein and Krumhansl (1986,
1988), Deal (1989), and Deal et al. (1989), Rutherford concluded that
variations associated with hole type are significant, but it is wunclear
whether the variations associated with hole type are caused by sampling
artifacts or stratigraphic differences. He also concluded that brines from
the eastern and western ends of the northern, experimental area of the WIPP
underground workings are similar chemically but that data are insufficient
at present to determine whether the brines from the southern area of the
mine, where waste will be emplaced, are similar to brines from the northern
area. Finally, he concluded that interlaboratory and intralaboratory
differences are significant.

To guide the design of additional characterization of brines from the

Salado Fm. and the interlaboratory comparison, Rutherford (1989) then
calculated the probabilities of failing to identify real variations in
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the chemical elements or properties of interest, or falsely identifying
variations where none exist as a function of the number of samples
analyzed. Brush used Rutherford’'s (1989) results to optimize the number
of samples based on the tradeoff between increasing his confidence in the
conclusions drawn and the time and expense of carrying out additional
sampling and analysis.

2.4.2 Quantification of Spatial and Stratigraphic Variations in Salado-Fm.
Brines

Stein and Krumhansl are carrying out additional sampling and chemical
analysis to determine: (1) whether at a given stratigraphic horizon within
the drifts, there are significant chemical differences between brines
from the northern and southern areas of the WIPP underground workings;
(2) whether at a given location within the mine there are significant
chemical differences between brines collected from different stratigraphic
horizons within the drifts. To reduce possible variations between the
previous results and those from this study, they will follow their previous
sampling and analytical procedures as closely as possible (Stein and
Krumhansl, 1986; 1988).

For the current study, Rutledge and Burford (1989) installed three
sampling arrays in the WIPP underground workings. They selected the loca-
tions for these arrays to: (l) sample brines from the northern, central,
and southern areas of the mine; (2) sample recently excavated drifts to
ensure that as many holes as possible produce brine (dehydration of the DRZ
with time reduces the likelihood of sufficient sample accumulation with
time), and to minimize any reduction of stratigraphic variations by verti-
cal dispersion of brine during flow through the DRZ. Restricting the
arrays to recently excavated drifts significantly reduced their choice of
locations. Based on these criteria, they installed arrays in the east rib
of Room L-4, about 10 m south of the north end; on the south rib of S-90,
the access drift to Room Q, about 15 m east of the Room-Q instrument
alcove; and in the north rib of S-1600, the north access drift to Panel 1,
opposite Room 1 (Figure 2.1).

Rutledge and Burford (1989) used a hand-held drill with a 2.5-cm-
diameter bit to drill horizontal holes to a depth of about 20 cm. They
removed the cuttings with a bottle brush, followed by blowing with com-
pressed air, which may have caused evaporation and changed the composition
of the brines adjacent to the holes. Next, they inserted samplers consis-
ting of sponges wrapped in filter paper to prevent particulate contamina-
tion. They then sealed the holes with rubber stoppers and stretched
plastic across the openings to minimize evaporation.

The northern array consists of four rows and six columns. The rows are
located in the following lithostratigraphic units of Department of Energy
(1987b) Map Unit 0 (halite), 3 (halite), 4 (argillaceous halite), and 5
(halite). The central array comprises five rows and six columns; the rows
are located in Map Unit O (halite), 1 (halite), 2 (argillaceous halite),
and 4 (argillaceous halite), and Clay F. The southern array consists of
four rows and six columns; the rows are located in Map Unit O (halite), 1
(halite), 5 (halite), and 6 (halite). The spacing between holes in each
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row varies from 0.2 to 3 m and varies from array to array and even from row
to row within the northern and southern arrays.

Clearly, these arrays do not satisfy the objective of sampling fluids
from the same strata in the northern, central, and southern areas of the
WIPP underground workings; the only stratum sampled by all three arrays is
Map Unit 0. Furthermore, personnel mapping S-90 sprayed the central array
with asaline H90 to expose fresh surface, thus introducing significant
uncertainties into any results obtained from this array. Because of the
increased permeability of the DRZ, the H90 used to spray the drift could
have significantly contaminated the brines in and around these shallow
holes; there is no way to determine the extent of contamination or the
original composition of the brines from this array. Because of the poor
stratigraphic control of all three arrays and the loss of the central
array, the only strata sampled by two arrays are Map Units O and 5.

Despite these problems, Stein and Krumhansl will attempt to obtain as
much information as possible from this study.

2.4.3 Quantification of Variations in Analytical Techniques Used for
Salado-Fm. Brines

Brush is carrying out an interlaboratory comparison to quantify
chemical variations caused by differences between the techniques used by
the three laboratories and temporal differences in the techniques used at
each laboratory.

For this study, Brush submits samples of synthetic brines of known
composition to each of these laboratories for analysis. The results of
Rutherford’s (1989) statistical analysis imply that Brush should submit
three rounds of samples, with nine samples per round, to each of the three
laboratories to reduce the uncertainties in Rutherford’s estimates of the
interlaboratory and intralaboratory variations as much as possible.
Because the BSEP provides most of the data with which he will define the
"average" composition of brines from the Salado Fm., Brush submits each
round of samples for the interlaboratory comparison study at the same time
BSEP samples are sent to the IT and UNC laboratories for analysis. This
ensures that the samples of synthetic brines are numbered, handled,
prepared, shipped, and analyzed in a manner identical to that of the BSEP
samples. SNL personnel attempt to guarantee a "blind" intercomparison by
numbering the synthetic brines and interspersing them among the BSEP
samples without informing any IT or UNC personnel of the identities of the

synthetic samples. Because Stein and Krumhansl sample and analyze brines
themselves, it is impossible to intersperse samples of synthetic brines
among their samples without their knowledge. Brush nevertheless requests

that they treat these samples identically to other samples.

2.4.4 Quantification of the Effects of Sampling Artifacts on Variations in
Salado-Fm. Brines

Brush will carry out a laboratory and modeling study to quantify the

effects of different sampling methods (hole type, collection time, etc.) on
chemical variations in brines from the Salado Fm.
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Brush will conduct laboratory experiments with the apparatus and
procedures used for the laboratory study of backfill additives (6.2.1) by
bubbling N2 or other gases through the solution to evaporate H20. Compari-
son of chemical analyses of the brines before the runs and after various
amounts of evaporation are revealing whether this is a plausible explana-
tion for the observed chemical variations between BSEP upholes and down-
holes. He will evaporate brines collected from the WIPP underground
workings (2.3.1.2) to determine if this process causes the differences
observed between BSEP upholes and downholes. He may also evaporate a
synthetic Salado-Fm. brine once he has defined a standard brine (2.3.1.3)
and developed a formulation for it. He will use minerals from the WIPP
underground workings (2.3.1.2) in several of these studies.

Brush will also model the evaporation of a variety of brines analyzed
by the BSEP, and reactions between these brines and minerals from the
repository horizon with the reaction-path code EQ6 (Wolery and Daveler, in
preparation; a brief description of this code appears in 8.2.2). He will
use the standard mineralogy for the Salado Fm. at or near the stratigraphic
horizon of the WIPP specified in 6.2.2.

2.4.5 Simulation of Reactions between Castile-Fm. Brines and Salado-Fm.
Brines and Minerals

Brush will simulate reactions between brines from the Castile Fm. and
Salado-Fm. brines and minerals to predict the most likely compositions and
expected variability of Castile-Fm. brines after they enter the repository
and react with its contents.

Brush will study reactions between brines from the Castile Fm. and
brines and minerals from the Salado Fm. with the apparatus and procedures
used for the laboratory study of backfill additives (6.2.1). He will use
brines and minerals collected from the WIPP underground workings (2.3.1.2)
and synthetic Castile-Fm. brines for these experiments. He may also use a
synthetic Salado-Fm. brine once he has defined a standard brine (2.3.1.3)
and developed a formulation for it.

Brush will also model these reactions with the reaction-path code EQ6
(Wolery and Daveler, in preparation; a brief description of this code
appears in 8.2.2). He will use the compositions of brines from the Salado
Fm. obtained by the BSEP, his estimates of the average composition of
Salado-Fm. brines (2.3.1.3 and Table 2.1), and the average compositions of
Castile-Fm. brines reported by Popielak et al. (1983). Table 2.3 gives the
compositions of these brines. He will use the standard mineralogy for the
Salado Fm. at or near the stratigraphic horizon of the WIPP specified in
6.2.2.

2.4.6 Simulation of Reactions between Fluids from Overlying Formations and
Salado-Fm. Brines and Minerals

Brush will also simulate reactions between fluids from overlying
formations and Salado-Fm. brines and minerals to predict the most likely
compositions and expected variability of these fluids after they enter the
repository and react with its contents.
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Brush will study these reactions with the apparatus and procedures used
for the laboratory studies of backfill additives (6.2.1). He will sequen-
tially add brines and minerals collected from the WIPP underground workings
(2.3.1.2) to synthetic fluids from the Rustler Fm. and the Rustler/Salado
contact zone. He may also use a synthetic Salado-Fm. brine once he has
defined a standard brine (2.3.1.3) and developed a formulation for it.

Brush will also model this process with the reaction-path code EQ6
(Wolery and Daveler, in preparation; a brief description of this code
appears in 8.2.2). He will use the compositions of brines from the Salado
Fm. obtained by the BSEP, his estimates of the average composition of
Salado-Fm. brines (2.3.1.3 and Table 2.1), and the compositions of brines
from the Rustler Fm. and the Rustler/Salado contact zone compiled by Lappin

et al. (1989) and Siegel (personal communication). Table 2.4 gives the
compositions of these brines. Brush selected the fluids shown in Table 2.4
because: (1) they occur close to the shafts and could seep down the

shafts, along the drifts, around or through the seals, and enter WIPP
disposal rooms; (2) they exhibit a wide range of salinities and simulate
most of the variability expected for the fluids from overlying formations;
(3) the analyses of these fluids included enough elements and chemical

properties for use in EQ6. Eventually, he may also consider other fluids
from the Rustler Fm. and fluids from overlying formations other than the
Rustler Fm., such as the Dewey Lake Fm. He will use the standard

mineralogy for the Salado Fm. at or near the stratigraphic horizon of the
WIPP specified in 6.2.2.

2.4.7 Quality Assurance and Safety

Rutherford, Stein, and Krumhansl are carrying out their studies of
brine chemistry (2.4.1 and 2.4.2, respectively) in accordance with the
quality assurance (QA) plan described by SNL (1986). Brush is conducting
his studies (2.4.2 through 2.4.6) in compliance with the QA plan discussed
by Pickering (1989c). This QA plan meets the requirements of American
Society of Mechanical Engineers (1986) and relevant requirements of the
Department of Energy (1987a, 1989a, 1989b, 1989¢c). UNC is analyzing brines
from various studies (2.4.4 through 2.4.6) in compliance with a QA plan
(UNC, 1989b) approved by Pickering (19904d).

Brush is carrying out his studies in accordance with the safety
procedures discussed by Bujewski (1990a, 1990b). UNC 1is responsible for
the development, approval, and implementation of all safety procedures
required for its analyses of brines.

2.5 RESULTS EXPECTED FROM BIN-SCALE AND ALCOVE TESTS

Analyses of brines sampled from bin-scale tests with CH TRU waste
(Molecke, 1990a) will also provide information on the chemistry of
synthetic Salado- and Castile-Fm. brines after reactions with Salado-Fm.
minerals used to simulate the crushed-salt backfill. Analyses of brines
and gases will also provide results on the chemistry of these brines after
reactions with steel containers (3.4), waste constituents such as cellu-
losics and plastics (4.5 and 5.6, respectively), and bentonite and other
backfill additives (6.3). Because anoxic corrosion, microbial activity,
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radiolysis, and reactions with backfill additives will occur simultaneously
in these tests, it may prove difficult to determine the effects of each of
these processes on brine chemistry.

2.6 SCHEDULES FOR LABORATORY AND MODELING STUDIES

Rutherford (1989) developed a statistical model of chemical variations
in brines from the Salado Fm. (2.4.1) at SNL in early FY 1990 and used it
to design additional characterization and the interlaboratory comparison of
analyses of Salado-Fm. brines. Rutherford will continue to update this
model as long as he continues to receive chemical data and will use it to
define a standard Salado-Fm. brine.

Stein and Krumhansl started additional characterization of brines from
the Salado Fm. (2.4.2) in February 1989. Although Brush expected them to
complete this study by the end of September 1989, several problems arose
(2.4.2). Rutherford will evaluate the results as soon as he obtains them
from Stein and Krumhansl. Based on this evaluation, Brush will decide what
additional work is necessary to complete this study. He will provide a
schedule later.

Brush started the interlaboratory comparison of analyses of brines from
the Salado Fm. in mid-August 1989 and submitted the first round of samples
to each of the laboratories that analyze Salado-Fm. brines in early Septem-
ber 1989. He plans to submit three rounds of samples at the same time BSEP

samples are sent out for analysis. He will submit the third round of
samples in early or mid-March 1990 and will receive the data by the end of
April 1990. Statistical analysis of the data and reporting will require

about 3 months. Rutherford will complete this study by the end of July
1990.

Brush expected to start studies of the effects of sampling artifacts on
chemical variations in brines from the Salado Fm. (2.4.4), and reactions
between fluids from other formations and Salado-Fm. brines and minerals
(2.4.5 and 2.4.6) at SNL by the beginning of October 1990. He set this
date so that he could use the results of additional characterization of
Salado-Fm. brines (2.4.2) to reduce the range of possible variations in
the compositions of these brines and hence the number of laboratory and
modeling experiments in these studies. Because of the problems encountered
in the characterization of Salado-Fm. brines during FY 1989 (2.4.2), he may
have to delay these studies by 1 year. Rutherford will evaluate the data
from Stein and Krumhansl, and Brush will decide whether to reschedule these
studies. In either case, he will provide schedules for these studies
later.
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3.0 ANOXIC CORROSION
3.1 JUSTIFICATION FOR LABORATORY STUDIES

Lappin et al. (1989) estimated that if brine were present in Waste
Isolation Pilot Plant (WIPP) disposal rooms, anoxic corrosion of steel
containers (drums and boxes) and Fe and Fe-base alloys in the waste would
produce about 2 moles of Hy per equivalent drum of waste per year for 400 to
500 years, or a total of 900 moles per drum. (See 7.4 for the definition of
an equivalent drum.) Anoxic corrosion of steel containers would produce 600
moles of Hy per drum; anoxic corrosion of Fe and Fe-base alloys in the waste
would produce 300 moles of Hop per drum. Lappin et al. (1989) assumed that
brine must be present for anoxic corrosion to occur and that if enough brine
were present, anoxic corrosion would consume all of the steel containers and
Fe and Fe-base alloys in the waste. These estimates do not include Hg from
anoxic corrosion of Al and Al-base alloys in the waste because there was no
estimate of the quantity of these metals in the WIPP inventory at that time.
Anoxic corrosion is the process of greatest concern from the standpoint of
the gas budget of the repository, despite the fact that these estimates do
not include contributions from Al and Al-base alloys, the metals of second
greatest concern. Microbial degradation of cellulosics, the other signifi-
cant process, would produce about 1 mole of various gases per drum per year
for 600 years, or a total of 600 moles (4.1).

Lappin et al. (1989) also estimated that anoxic corrosion could consume
significant quantities of brine. The quantity consumed will depend on the
extent to which metals corrode and the H90 content of the solid corrosion
products, but may be as much as 200 m3 per room. This estimate does not
include the consumption of brine by anoxic corrosion of Al and Al-base
alloys.

Because anoxic corrosion would consume brine, the quantity of H90 in the
disturbed rock zone available for transport to the waste, either by brine
inflow or diffusion of H90 vapor through the gaseous phase, may prevent the
production of 900 moles of H9 per drum. An integrated model of the effects
of gas pressurization, room closure, brine inflow and outflow, and vapor-
phase transport of Hp90 is still at an early stage of development. Prelimi-
nary calculations suggest that absorption of H90 by crushed salt and any
bentonite in the backfill and the possible consumption of H920 by microbial
degradation of cellulosics (4.1) may limit the extent of anoxic corrosion of
metals.

Although 09 would prevent anoxic corrosion if present in sufficient
quantities (3.2), Brush and Anderson (1988a) estimated that the quantity of
09 initially present in the air trapped in WIPP disposal rooms at the time
they are filled and sealed will oxidize less than 1% of the drums. Radi-
olysis would produce 09 if brine were present, but probably not enough to
prevent anoxic corrosion. Furthermore, aerobic microorganisms (4.2.1) might
consume it faster than anoxic corrosion.

Brush has reviewed the thermodynamic and kinetic evidence for anoxic

corrosion of steels in nuclear-waste repositories (3.2). It is still unknown
whether anoxic corrosion of Fe and Fe-base alloys would occur if H90 vapor or
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Hy0 absorbed by backfill materials, but not brine, were present in the
repository. The extent to which microbially produced CO2 will accelerate
anoxic corrosion and previously produced Hy will decelerate anoxic corrosion
are also unknown. Finally, the anoxic corrosion rates of Al and Al-base
alloys are unclear.

3.2 EVIDENCE FOR ANOXIC CORROSION

Thermodynamic calculations and the results of previous laboratory
corrosion studies both imply that anoxic corrosion of Fe and Fe-base alloys
would produce significant quantities of Hp in WIPP disposal rooms if
sufficient brine were present and 02 were absent. It is unclear whether
anoxic corrosion of Fe and Fe-base alloys by H90 vapor would be significant.

3.2.1 Thermodynamic Calculations

Thermodynamic calculations imply that metallic Fe is unstable in the
presence of H90 at 25°C and a total pressure of 1 atm (see, for example, the
Eh/pH diagrams for Fe in Garrels and Christ, 1965; Pourbaix, 1974; Brookins,
1988). These Eh/pH diagrams and the thermodynamic calculations on which they
are based imply: that in the absence of CO2 and H3S, Fe and H20 should react
to form corrosion products such as Fe304 (magnetite), Fep03 (hematite), or
Fe(OH)7 (amakinite); that Fe, CO2, and H90 should react to form FeCO3
(siderite) 1if microbially or radiolytically produced COy is present (4.2.1
through 4.2.6); that Fe should react to form FeSy) (pyrite) if microbially
produced H»2S is present (4.2.5).

3.2.1.1 CGCALCULATIONS FOR CARBON-DIOXIDE- AND HYDROGEN-SULFIDE-FREE SYSTEMS

According to the Eh/pH diagrams described in 3.2.1, two possible Fe
corrosion products formed in the presence of H720 and the absence of COp and
H2S are Fe304 at low values of Eh and Fe903 at high values of Eh. Haberman
and Frydrych (1988) observed the formation of Fe304 in brines with low Mg2+
concentrations in their study of anoxic corrosion (a description of this
study appears in 3.2.2). If conditions were oxidizing enough to stabilize
Fe903 or other Fe(III)-bearing corrosion products, there could be enough
02 present to promote oxic corrosion at the expense of anoxic corrosion.
Previously obtained results discussed in 3.2.2 imply that oxic corrosion is
much faster than anoxic corrosion. Fe304 is therefore the Fe oxide most
likely to be produced by anoxic corrosion in COy-free systems.

In addition to Fe304, Fe(OH)2 is also a possible anoxic corrosion product
in the absence of CO2. Haberman and Frydrych (1988) observed this phase,
which is actually a solid solution with the formula (Fe,Mg,Mn)(OH)2, in
brines with high Mg2t concentrations (3.2.2).

Anoxic corrosion could increase the gas pressure of WIPP disposal rooms
significantly. In COp-free systems, the most likely anoxic corrosion
reactions are:

3 Fe + 4 HO=Fe,0,b + 4 H

2 3% 27 3.1
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Fe + 2 H,O0 = Fe(OH)2 + H

9 (3.2)

-

The equation relating the standard free energy of a reaction, A GO, and
the equilibrium constant for that reaction, K, is:

Ac¢® = -RTInkK, (3.3)
r r

which, with a value of 0.001987 kcal mole-l °K-1 for the gas constant R and
a temperature of 25°C (298°K), becomes:

0
A Gr = - 1.364 log Kr' (3.4)

Inserting Ky for Reactions 3.1 and 3.2 in 3.4 gives:

-

. [Fe304] fﬁz
A G3 1= 1.364 log 3 A E (3.5)
) L [Fe] [H2O]
( [Fe(OH)z] £
A Gg , = - 1.364 log 22 (3.6)
’ L [Fe] [H20]

In these equations, A GO of the reaction equals X A GO of formation of the
products minus ¥ A GO of formation of the reactants in units of kcal; the
brackets denote thermodynamic activities of solids or 1liquids; f is the
fugacity of a gas.

Robie, Hemingway, and Fisher (1978) provided values of - 242.0091 and
- 56.6781 kcal per mole for A GO of formation for Fe304 and H90, respec-
tively. Wagman et al. (1969) gave a value of - 116.3 kcal per mole for A c0
of formation for Fe(OH)2. These data imply wvalues of - 15.2967 and - 2.9
kcal for A GO for Reactions 3.1 and 3.2, respectively. The activity of H90
in brine from the Salado Fm. at or near the stratigraphic horizon of the

WIPP is about 0.7. This wvalue is the average of the activities Brush has
calculated to date with the EQ3NR speciation and solubility code (Wolery,
1983; Jackson and Wolery, 1985). Assuming an activity of unity for Fe,

Fe304, and Fe(OH)2, Equations 3.5 and 3.6 specify equilibrium Hp fugacities
of about 400 and 60 atm for Reactions 3.1 and 3.2, respectively.

These calculations imply that if sufficient quantities of Fe and Hp0O were
present and 02 were absent from WIPP disposal rooms, anoxic corrosion would
produce significant Hy pressures. The activity of H90 vapor in equilibrium
with brine from the Salado Fm. at or near the stratigraphic horizon of the
WIPP is equal to the activity of H90 in the brine, about 0.7. The thermo-
dynamic calculations described above apply to H90 vapor as well as to brine.
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Significant anoxic corrosion would thus be possible if there were sufficient
HoO vapor present.

These calculations also illustrate the sensitivity of the equilibrium H9p
fugacity to the identity of the solid corrosion product. Assuming sufficient
Fe and H20, anoxic corrosion would reach equilibrium at an Hp fugacity of
60 atm if Fe(OH))7 were the corrosion product, but continue to an Hp fugacity
of 400 atm if Fe304 were formed. Because the former value is well below
lithostatic pressure at the repository horizon (about 150 atm) and the latter
well above it, the identity of the corrosion product formed will affect the
extent of pressurization significantly.

Fe(OH)2, however, is unstable with respect to Fe304. The reaction for
the conversion of Fe(OH)2 to Fe304 is:

Fe,O, + 2 H,O + H,. (3.7)

3 Fe(OH), 39, 2 2

Inserting Ky for Reaction 3.7 in Equation 3.4 gives:

[Fe30,] [1,] 2 £,

Gy = - 1.364 log ;o (3.8)
[Fe(OH)z]
Values of - 242.0091, - 116.3, and - 56.6781 kcal per mole for A GO of

formation for Fe304, Fe(OH)2, and H90, respectively, imply a value of
- 6.5 kcal for A GO for Reaction 3.7. Assuming an activity of 1 for Fe3O4
and Fe(OH)2, and an activity of 0.7 for H70 in WIPP brine, Equation 3.8
specifies an equilibrium Hp fugacity of about 1 - 103 atm for Reaction 3.7.
Clearly, the formation of Fe(OH)9 would not constrain the Hg fugacity to
60 atm if Fe304 nucleates and replaces Fe(OH)so. Both Fe304 and Fe(OH)»
appear as corrosion products in the kinetic studies described in 3.2.2.

All of the calculations described above are sensitive to the quality of
the thermodynamic data for both the reactants and products. Because of the
complex, highly variable, and often poorly crystalline nature of Fe oxides
and hydroxides, it is especially risky to use calculations such as these to
predict the extent to which anoxic corrosion would increase the pressure of
the repository. Amakinite, for example, is a solid solution of FeZ*, Mg2t,
and Mn4t. However, these calculations do show that anoxic corrosion could
produce significant Hy pressures in WIPP disposal rooms.

3.2.1.2 CALCULATIONS FOR CARBON-DIOXIDE-BEARING SYSTEMS
In the presence of microbially or radiolytically produced CO2 (4.2.1
through 4.2.6) and the absence of microbially produced H2S (4.2.5), the most

likely anoxic corrosion reaction is:

Fe + H20 + CO2 = FeCO3 + H2. (3.9)
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Addition of the equation for the anoxic corrosion of Fe by H20 to form Fe3Oy4
or Fe(OH)2 and the equation for the reaction of Fe3O4 or Fe(OH)2 with COp to
form FeCO3 implies that either of these two-step processes is stoichiometri-
cally equivalent to the direct conversion of Fe to FeCO3 according to the
overall reaction depicted by Reaction 3.9.

Inserting Ky for Reaction 3.9 in Equation 3.4 yields:

[FeCO3] fH2

[Fe] [HZOJ fC02

A cY = - 1.364 log (3.10)

Robie, Hemingway, and Fisher (1978) provided values of - 94.2579,
- 159.345, and - 56.6781 kcal per mole for A GO of formation for CO2,
FeCO3, and H20, respectively. These data imply a value of - 8.409 kcal for
A GU for Reaction 3.9. Assuming an activity of 1 for Fe and FeCO3, and an
activity of 0.7 for H920 in WIPP brine (3.2.1.1), the equation relating the
equilibrium fugacities of CO2 and Hy is:

= - 3.
6.01 log sz log fCOZ' (3.11)

Equation 3.11 implies that the Hp fugacity would exceed the COp fugacity
by a factor of about 1 - 106, 1f, for example, the Hp fugacity were 1, 10,
or 100 atm, the CO» fugacity would be 1 - 10-6, 1 . 10-3, or 1 - 10-%4 atm,
respectively. This in turn implies that Fe, Fe-base alloys, or their corro-
sion products should consume almost all of the microbially produced CO7 that
could be present in WIPP disposal rooms. Lappin et al. (1989) estimated that
there are about 900 moles of Fe and Fe-base alloys per equivalent drum of
waste. This includes the steel containers and the Fe and Fe-base alloys in
the waste. Because each mole of Fe would consume 1 mole of CO» (Reaction
3.9), the conversion of all of these metals to FeCO3 would consume 900 moles
of COp, which is more than the total microbial gas production potential
calculated by Lappin et al. (1989), about 600 moles per drum. Not all of
this microbially produced gas would be COj; microbial activity would also
produce significant quantities of CHy4, N2, and H»S.

3.2.1.3 CALCULATIONS FOR HYDROGEN-SULFIDE-BEARING SYSTEMS

In the event of microbial 5042' reduction (4.2.5), H2S would react with
Fe or its corrosion products to form compounds such as FeSj_yx (mackinawite),
FeS-nH90 (hydrotroilite), Fe3Ss; (greigite), and, eventually, FeSo (pyrite).
Because these reactions are complex and involve several intermediate steps,
some of which may be mediated by microorganisms, it is easier to describe
this process by writing overall equations representative of FeSs formation:

Fe + 2 st = FeS2 + 2 Hz; (3.12)
Fe304 + 6 st =3 FeS2 + 4 Hzo + 2 Hz; (3.13)
Fe(OH), + 2 H,S = FeS, + 2 H,0 + 2 H,. (3.14)
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Clearly, cessation of this process after formation of a compound with the
composition FeS would consume only half as much H9S and produce only half as
much Hy per mole of Fe consumed as the formation of FeS»p.

Inserting Ky for Reactions 3.12, 3.13, and 3.14 in Equation 3.4 gives:

2
o [FeSz] sz
A G3.12 = - 1.364 log 5 ; (3.15)
[Fe] fst
f 3 4 2
. [Fesz] [HZO] sz
A Gy 14 = - 1.364 log c : (3.16)
. [Fe304] fﬂzs
r [Fesz] [Hzo]z £
G, = - 1.364 log — (3.17)
) \ [Fe(OH)Z] szs

Robie, Hemingway, and Fisher (1978) provided values of - 242.0091,
- 38.2956, - 56.6781, and - 38.2956 kcal per mole for A GO of formation for
Fe304, FeSp, H720, and H9S, respectively. Wagman et al. (1969) gave a value
of - 116.3 kcal per mole for A GO of formation for Fe(OH)%. These data
imply values of - 22.2616, - 51.4881, and - 19.3 kcal for A GY for Reactions
3.12, 3.13, and 3.14, respectively. Assuming an activity of 1 for Fe, Fe304,
Fe(OH)7, and FeS9, and an activity of 0.7 for H20 in WIPP brine (3.2.1.1),
the equations relating the equilibrium fugacities of Hy and H9S are:

8.160 = log £, - log f, ; (3.18)
2 2

19.184 = log £, - 3 log £ ; (3.19)
2 2

14.4 = log sz - 2 log fHZS. (3.20)

Equations 3.18, 3.19, and 3.20 imply that the Hp fugacity would exceed the
H9S fugacity by several orders of magnitude. This in turn implies that Fe,
Fe-base alloys, or their corrosion products should consume virtually all of
the microbially produced H9S that could be present in WIPP disposal rooms.
Because there are about 900 moles of Fe and Fe-base alloys per equivalent
drum of waste (Lappin et al., 1989) and each mole of Fe would consume at
least 1 mole of H9S (assuming FeS were formed), and probably 2 moles of HyS
(assuming FeSos were formed), the conversion of all of the Fe and Fe-base
alloys to FeCO3 would consume 900 to 1,800 moles of HjS. This 1is
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significantly more than the total microbial gas production potential
estimated by Lappin et al. (1989), about 600 moles per drum.

3.2.1.4 CALCULATIONS FOR CARBON-DIOXIDE- AND HYDROGEN-SULFIDE-BEARING
SYSTEMS

In the presence of microbially or radiolytically produced €Oy (4.2.1
through 4.2.6) and microbially produced H3S (4.2.5), FeCO3 will react with
H9S to form pyrite according to the equation:

FeCO3 + 2 HZS = FeS2 + H20 + 002 + H2. (3.21)

Inserting Ky for Reaction 3.21 in Equation 3.4 yields:

FeS H, 0] £ f
A G0 = - 1.364 log [ 2] [ i ] COZ H2

3.21

5 (3.22)
H,S

[FeCO3] f )

Robie, Hemingway, and Fisher (1978) 1listed values of - 94.2579,
- 159.345, - 38.2956, - 56.678l, and - 8.0170 kcal per mole for A GO of
formation for COp, FeCO3, FeSp, H20, and H2S, respectively. These data imply
a value of - 13.8526 kcal for A GO for Reaction 3.21. Assuming an activity
of 1 for FeCO3 and FeS92, and an activity of 0.7 for H90 in WIPP brine
(3.2.1.1), the equation relating the equilibrium fugacities of COy, Hy, and
HoS is:

10.31 = 1log sz - log fco2 - 2 log fHZS' (3.23)

Equation 3.23 implies that given reasonable H9 and H9S fugacities,
relatively low CO9 fugacities would be required to stabilize FeC03. If the
Hy fugacity were 1, 10, or 100 atm and the H9S fugacity were 1 - 10-6 atm,
the COp fugacity would be 2 - 10-2, 2 - 10-3, or 2 - 10-% atm, respectively.
This in turn implies that given these H2 and H9S fugacities, a COy fugacity
of only 2 - 10-2, 2 . 10-3, or 2 - 10-% atm would be required to stabilize
FeCO3. If the CO2 fugacity were above these values, FeCO3 would consume
microbially or radiolytically produced CO2 despite the presence of micro-
bially produced H7S, at least until all of the Fe, Fe304, Fe(OH)2, or FeSo
were consumed.

3.2.2 Kinetic Data

Given that Fe is thermodynamically unstable with respect to various Fe
oxides and hydroxides, FeCO3, and FeSp, the next issue is whether anoxic
corrosion will occur at significant rates. Molecke (1979) reviewed data
obtained by Braithwaite (1978) and Braithwaite and Larson (1978) and con-
cluded that if brine were present in WIPP disposal rooms, anoxic corrosion
would produce Hj.

Braithwaite (1978) studied the oxic and anoxic corrosion of AISI 1018
steel in Brine B (Table 2.2) at room temperature and pressure. In general,

the drums to be emplaced in the WIPP are made of an alloy closer in
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composition to AISI 1008 steel; however, Brush expects that the corrosion
behavior of these two steels, AISI 1008 and 1018, would be very similar.
Braithwaite (1978) carried out experiments in a glass tube connected by
Swagelok fittings and valves to a pressure gauge and a sampling port. He
cleaned the surfaces of the coupons by abrasive blasting. Prior to deaerated
runs, he removed all of the air by purging the brine with an inert gas,
presumably N7, pressurizing the system with Ny, and venting the system. He
repeated this procedure several times prior to every deaerated run to ensure
that all residual air was removed.

Braithwaite and Larson (1978) concluded that 02 was consumed during
experiments carried out under aerated conditions and that H)p was produced

during experiments conducted under deaerated conditions. They based these
conclusions on pressure decreases measured during aerated runs and pressure
increases measured during deaerated runs. Furthermore, they sampled and

analyzed the gas above the brine by gas chromatography during and after both
types of runs to confirm that 02 consumption and Hp production were respon-
sible for these pressure changes. Braithwaite (personal communication)
recently pointed out that during at least one aerated run, pressure decreased
initially as 02 was consumed, then increased after the depletion of all the
09 due to Hy production. Braithwaite and Larson (1978) measured an 09 con-
sumption rate of 5.4 moles per m2 Ber year under aerated conditions and an H)
production rate of 0.5 moles per m¢ per year under deaerated conditions.

Because these results imply that oxic corrosion is about 1 order of
magnitude faster than anoxic corrosion, it is reasonable to conclude that
given sufficient 09, oxic corrosion will occur at the expense of anoxic
corrosion. However, radiolytically produced 09 will not necessarily preclude
anoxic corrosion at other locations because this 09 could be removed by oxic
corrosion, aerobic microbial activity, radiolytically induced uptake by
plastics, or oxidation of dissolved species such as Fe¢t before it diffuses
more than a few centimeters.

Haberman and Frydrych (1988) studied the anoxic corrosion of ASTM A216
Grade WCA steel, another low-C steel, in synthetic Permian Basin brines at
temperatures of 90, 150, and 200°C and pressures of 500 and 1,000 psig. The
Salt Repository Project (SRP) for commercial spent fuel and high-level waste
(HLW) funded this work. They carried out experiments under static and
flowing conditions in 4-L Hastelloy C-276 autoclaves. They purged their
autoclaves with Ar and maintained an 09 concentration of less than 50 ppb
throughout their experiments, which lasted 1, 3, and 6 months. After each
test interval, they identified the corrosion products by x-ray diffraction
analysis and determined the corrosion rate by removing the corrosion products
and measuring the weight loss (3.3.1).

Haberman and Frydrych (1988) reported significant anoxic corrosion rates
for A216 Grade WCA steel at high temperatures, that the anoxic corrosion rate
increased with the Mg2+ concentration of their brines, and that their anoxic
corrosion product was Fe304 at low Mg2+ concentrations and Fe(OH)2 at high
Mg2+ concentrations. Brush and Anderson (1988a) extrapolated these rates to
30°C, the expected temperature of WIPP disposal rooms (1.10.1), and a Mg2+
concentration of 1 M, its expected concentration in brines from the Salado
Fm. (2.3.1.3). They calculated an Hy production rate of 0.3 moles per m2 per
year.
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The rate calculated by Brush and Anderson (1988a) from these extrapolated
data is somewhat lower than those obtained by Braithwaite and Larson (1978).
It is unclear whether this difference is significant in view of experimental
error and the uncertainties in extrapolating the results of Haberman and
Frydrych (1988) to expected WIPP conditions. In any case, they averaged
these results and calculated an Hy production rate of 2 moles per drum per
year for WIPP disposal rooms.

Finally, Simpson and Schenk (1989) studied the anoxic corrosion of low-C
steel in natural and synthetic granitic groundwaters from Switzerland and
NaCl solutions at 25, 50, and 80°C and a pressure of 1 atm. They carried
out their experiments in glass flasks. They purged their flasks continuously
with N2 and determined the corrosion rate by periodic sampling of the
effluent Ny and analysis for Hp by gas chromatography. Simpson and Schenk
(1989) measured an H) production rate of 0.2 moles per m? per year at 25°C.

Simpson and Schenk (1989) concluded that Reactions 3.1 and 3.2 (3.2.1)
produce Hp faster than it could diffuse through the compacted bentonite back-
fill proposed for a Swiss repository for HLW. Their thermodynamic calcula-
tions imply an equilibrium Hp fugacity of about 500 atm for Reaction 3.1 and
100 atm for Reaction 3.2 at 25°C. These pressures exceed or are close to
the lithostatic pressure expected for a Swiss repository in granite, 120 atm.
Similar experiments carried out with high-purity Cu yielded no Hj.

These studies imply that anoxic corrosion is a potentially serious issue
for any nuclear-waste repository that contains significant quantities of Fe
or Fe-base alloys and aqueous solutions, anoxic conditions, and low-
permeability backfill or host rock.

It is unknown whether anoxic corrosion will occur in the WIPP, or any
other repository, if H90 vapor or H90 absorbed by backfill materials, but not
brine, is present in the repository. The extent to which CO7 will accelerate
or Hp will decelerate anoxic corrosion, if the partial pressures of these
gases is significant, is also unknown. Finally, the rates at which Al and
Al-base alloys, the metals of greatest concern after Fe and Fe-base alloys,
will corrode under anoxic conditions are unclear.

3.3 DESCRIPTION OF LABORATORY STUDIES

The objectives of these studies are to: (1) quantify anoxic corrosion of
steels by brine, Hp0 vapor, and H90 absorbed by backfill materials in the
presence of Ny or COp at low pressure (3.3.1); (2) quantify anoxic corrosion
of steels by brine, H90 vapor, and H90 absorbed by backfill materials
(initially bentonite, but perhaps eventually the proposed backfill additives
described in 6.1) in the presence of COp or Hy at high pressures (3.3.2):
(3) determine the effects of other factors, such as basic conditions, 09
concentration, and the presence of the proposed backfill additive CuSO; (6.1)
on anoxic corrosion of steels (3.3.3); (4) quantify anoxic corrosion of other
metals, especially Al and Al-base alloys (3.3.4).

R. E. Westerman of Pacific Northwest Laboratory (PNL) will quantify
anoxic corrosion of steels under humid and inundated conditions, and by H0-
bearing backfill materials with N9 at a pressure of about 1 atm to simulate
early, COp-free conditions in WIPP disposal rooms (3.3.1). Steels, which
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will be present mainly in drums and boxes, are much more abundant in the WIPP
inventory than Fe or any other Fe-base alloy, according to Lappin et al.
(1989). COjp-free conditions will occur if microbial activity or radiolysis
fail to produce significant quantities of CO2 or if the backfill additives
Ca0, Ca(OH)7, KOH, or NaOH are used (6.1). Although anoxic corrosion would
produce significant quantities of Hy and consume significant quantities of
H720 under CO2-free conditions if brine were present in the repository
(3.2.1.1 and 3.2.2), the H9 production rate for WIPP-specific, inundated
conditions is still unknown. It is also unknown whether anoxic corrosion
would occur under humid conditions, if various H70-bearing backfill materials
contact steels, or to what extent CO2 would increase the anoxic corrosion
rate.

Westerman will also quantify anoxic corrosion of steels under humid and
inundated conditions and by H90-bearing backfill materials with CO2 and Hp at
high pressures (3.3.2). €O, if present in WIPP disposal rooms at pressures
of even a few atmospheres, would acidify any brine present, increase the
anoxic corrosion rate, and convert Fe and Fe-base alloys to the corrosion
product FeCO3, which would consume significant quantities of COp (3.2.1.2).
This could in turn eliminate the need for backfill additives such as CaCOj3,
Ca0, Ca(OH)9, KOH, or NaOH (6.1). Previously produced Hy could slow or even
stop additional anoxic corrosion as its fugacity increases.

Westerman will determine the effects of other factors, such as basic
conditions, 09 concentration, and the presence of the proposed backfill addi-
tive CuSO4 on anoxic corrosion of steels (3.3.3). Reactions between brine
and cements used to remove liquids from sludges, grouts used in seals, or
grouts proposed to reduce the permeability of WIPP disposal rooms (Butcher,
1990) could increase the pH to basic values. Reactions between brine and
Ca0, Ca(OH)p, KOH, and NaOH could increase the pH to very basic wvalues.
Basic conditions could, in turn, decrease the anoxic corrosion rates of Fe
and Fe-base alloys, but increase the anoxic corrosion rates of Al and Al-base
alloys. Because oxic corrosion is much faster than anoxic corrosion (3.2.2),
02 will cause oxic corrosion at the expense of anoxic corrosion. Therefore,
radiolytically produced 09 will prevent anoxic corrosion, at least to some
extent. The proposed backfill additive CuSO4 would, if brine were present,
corrode Fe and Fe-base alloys without producing Hp (6.1), but it is unclear
if this reaction would proceed faster than anoxic corrosion, especially under
acidic conditions.

Westerman will quantify anoxic corrosion of other metals (3.3.4). After
Fe and Fe-base alloys, Al and Al-base alloys are the metals of greatest
concern. Although Al and Al-base alloys will produce more Ho per unit weight
than Fe and Fe-base alloys, they are much less abundant in the WIPP inventory
and are hence of less concern. Therefore, quantification of anoxic corrosion
of Fe and Fe-base alloys has higher priority.

3.3.1 QUANTIFICATION OF ANOXIC CORROSION OF STEELS AT LOW
PRESSURES

Westerman will quantify anoxic corrosion of steels under humid and
inundated conditions and by H90O-bearing backfill materials at 30°C. 1In all
three cases, he will fill the headspace above the brine or backfill materials
with CO2 or N9 at pressures of about 1 atm.
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For this study and those described in 3.3.2 through 3.3.4, Westerman is
adapting the procedures used in previous investigations of anoxic corrosion
of various steels for the SRP (Westerman et al., 1987).

The containers for this study will consist of 2.4-L (30-cm-high-by-10-cm-
diameter), seal-welded vessels fabricated from Hastelloy C-22. Hastelloy
C-22, one of the corrosion-resistant nickel-chromium-molybdenum (Ni-Cr-Mo)
alloys, has a nominal composition of: Cr, 22 wt%; Mo, 13%; Ni and various
minor and trace elements, balance. All of the tubing and valves will be
Hastelloy C-22, Hastelloy C-276, or Inconel 625 (see 3.3.2 for the composi-
tion of the Ni-Cr-Mo alloys Hastelloy C€-276 and Inconel 625). During
previous studies, Westerman et al. (1987) preoxidized these alloys at about
600°C for a few hours. This produced a blue tarnish, which was still
visible after experiments carried out with brines at 90, 150, and 250°C.
The presence of this tarnish after these runs implied that the containers did
not corrode during these experiments. Westerman et al. (1987) also conducted
high-temperature experiments without preoxidizing these alloys, and did not
observe any corrosion under anoxic conditions. The only corrosion of these
Ni-Cr-Mo alloys ever observed occurred during high-temperature experiments in
which 07 was present throughout the run. Each container will be equipped
with a pressure gauge to monitor the pressure throughout the experiments.

For this study, Westerman will use two heats of ASTM A366 steel, a low-C
alloy, to simulate the material used for the DOT 17C drums, and two heats of
ASTM A36 steel, a medium-C alloy, to simulate the material used for the
standard waste boxes and tools in the waste. Although the specifications for
the standard waste boxes call for ASTM A569 steel, the manufacturer actually
uses A36. He will obtain representative sheets of these alloys from the same
or equivalent sources that supply the material used to fabricate drums and
boxes for the Rocky Flats Plant, the largest waste generator. By carrying
out experiments with both ASTM A366 and A36 steels, he will be able to
estimate corrosion rates for the materials used to fabricate most of the
steel containers to be emplaced in the WIPP. He will conduct experiments
with two heats of each alloy to assess this possible cause of variability.
If the measured corrosion rates of these alloys or different heats of these
alloys differ significantly, he may decide to carry out experiments with
additional alloys or more than two heats of each alloy.

After receiving these materials, Westerman will characterize two
specimens from each of the two heats of the two alloys. He will carry out
chemical analyses to verify the composition certified by the vendor(s), and
conduct metallographic analysis to characterize the grain size, texture,
grain-boundary contaminants, stringers and other inclusions, the distribution
of carbides, and the extent of surface carburization or decarburization.

Pretest preparation typically will consist of cutting specimens, typi-
cally 8-by-20-cm, from the sheets provided by the vendor(s), drilling holes
for suspension in the experimental apparatus, grinding with 150- to 200-grit
abrasive, and cleaning with detergent followed by acetone and high-purity
alcohol., After cleaning, Westerman will dry the specimens in a desiccator,
weigh them, and return them to the desiccator to minimize oxidation of the
surface prior to use.
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Westerman will use Salado-Fm. brine collected from G Seep in the WIPP
underground workings (2.3.1.2) for this study. He may also use brines col-
lected from other locations in the WIPP underground workings, a synthetic
Salado-Fm. brine once Brush has defined a standard brine (2.3.1.3) and devel-
oped a formulation for it, or synthetic brines that simulate the composition
of Castile-Fm. brines and fluids from overlying formations after equilibra-
tion with brines and minerals from the Salado Fm. (2.4.5 and 2.4.6).

The quantity of brine Westerman will add to the containers will depend on
the objective of the experiment. To study anoxic corrosion by brine, he will
immerse the specimens in brine. In the case of anoxic corrosion by H20
vapor, he will pour in only enough brine to fill 3 or 4 cm of the containers.
This will leave a "splash space" of 3 or 4 cm between the top of the brine
and the bottoms of the specimens.

After adding the brine, Westerman will place at least triplicate speci-
mens of each heat of both metals, or at least 12 specimens, in each con-
tainer. To ensure electrical isolation, he will suspend the specimens on
oxidized Zircaloy wires sheathed in Teflon and place Teflon washers between
them. Next, he will seal each container by welding on the preassembled top
with a prewelded pressure gauge and valves. He will then evacuate the
headspace and refill it with N9 containing helium (He) for the leak check.
After reevacuating and refilling the headspace to a pressure of about 1 atm,
he will check each apparatus for leaks by placing it under a bell jar,
evacuating the bell jar, and analyzing the residual gas for He by mass
spectrometry. If there is any evidence of leakage, he will reseal the
apparatus prior to use.

Westerman will specify a purity of = 99.99% for the N2 used for this
study and analyze each container at PNL after receipt to verify the composi-
tion certified by the wvendor. The N2 used for this study will therefore
contain < 100 ppm of other gases as impurities, and the 0 concentration in
the headspace will be < 100 ppm. Oxic corrosion of a very small mass of the
specimens will quickly consume this 09 after a few hours, and anoxic corro-
sion will begin immediately thereafter. He would not be able to detect the
consumption of even 100 ppm 07 during these experiments because this would
decrease the pressure by only about 0.0001 atm.

After the leak check, Westerman will place each container in a forced-
convection incubation chamber at 30 + 5°C. He will monitor the temperature
with three thermocouples at different locations. The chamber will have a
transparent door to facilitate monitoring of the pressure gauges. He will
carry out each type of experiment (anoxic corrosion by brine, H90 vapor, and
Hp0 absorbed by backfill materials) with four containers, one each for 3, 6,
12, and 24 months.

Posttest analysis will include characterization of the physical appear-
ance, the corrosion product or products, and the microstructural appearance
of specimens. Westerman will use visual inspection to characterize the
physical appearance of all of the specimens (the color of the corrosion
product and whether it is adherent or loose, the extent of attack, and the
uniformity of attack). He will use =x-ray diffraction analysis to identify
the corrosion product. Fe(OH)2, a possible corrosion product in brines
(3.2.1), must be x-rayed quickly before it oxidizes to an Fe(III) oxide or

-49-



hydroxide. During their work for the SRP, PNL personnel observed that
Fe(OH)2 begins to change from gray to orange after a few hours of exposure to
air and oxidizes completely after a few days. Fe304, a likely corrosion
product in Hp0 vapor, 1is stable in air, but rapid analysis would also be
required in this case to ensure that oxidation of the specimen after removal
from its container does not form corrosion products other than those produced

under experimental conditions. He will carry out metallographic analysis of
selected specimens with the same objectives as the pretest characterization
described above. Additional objectives of the posttest metallographic

analysis include determination of the uniformity of attack, which phase or
phases in the samples are susceptible to attack, and the physical and
mechanical characteristics of the corroded layer, especially its adhesive
properties.

Westerman will determine the corrosion rate of each specimen by measuring
the amount of material lost to corrosion processes during the test. This
gravimetric procedure consists of ultrasonic cleaning in CP-9 solution at
room temperature, along with periodic brushing, until the specimen appears
free of corrosion product. The CP-9 solution consists of 1 L of concentrated
HCl, 1 L of deionized H920, and 25 ml of formaldehyde; the HCl removes the
corrosion products and the formaldehyde prevents additional corrosion of the
specimen. After the specimen appears free of corrosion product, he will
rinse it with deionized H90, clean it with acetone followed by high-purity
alcohol, dry it in a desiccator, and reweigh it. He will calculate the
corrosion rate from the weight loss, the surface area of the specimen, and
the density of the metal.

Westerman will then calculate the Hp production rate for each specimen
based on its corrosion rate and the corrosion reaction for the appropriate
corrosion product identified by x-ray diffraction analysis.

To check the calculated Hp-production rates, Westerman will monitor the
pressure increase in each container, analyze the gas before and after each
experiment to determine the total quantity of Hyo produced per container, and
divide by the number of specimens per container to obtain an average Hy pro-
duction rate for each specimen. The kinetic data obtained by continuous
monitoring of Hp build-up will supplement those obtained by periodic deter-
mination of weight loss. By relying primarily on the weight-loss method, PNL
will be able to place many more specimens in each container and thus carry
out experiments much faster than by measuring the H9 production rate of each
specimen individually.

3.3.2 Quantification of Anoxic Corrosion of Steels at High Pressures

Westerman will quantify anoxic corrosion of steels under humid and
inundated conditions, and by H90-bearing backfill materials at 30°C. 1In all
three cases, he will fill the headspace above the brine or backfill materials
with CO2 or Hy at high pressures.

Westerman will carry out this study in 1- to 4-L autoclaves fabricated
from the corrosion-resistant, Ni-Cr-Mo alloy Hastelloy C-276 or Inconel 625.
Hastelloy C-276 has a nominal composition of: Cr, 15 wt%; Mo, 16%; Ni and
various minor and trace elements, balance. Inconel 625 consists of: Cr,

-43-



22 wt%; Mo, 9%; Ni and various minor and trace elements, balance. All of the
tubing and valves will be Hastelloy C-22, Hastelloy C-276, or Inconel 625
(see 3.3.1 for the composition of the Ni-Cr-Mo alloy Hastelloy C-22). Each
autoclave will be equipped with a pressure gauge to monitor the pressure
throughout the experiments and with the same rack for suspending specimens as
described in 3.3.1.

Westerman will use specimens from the same two heats of ASTM A366 steel
and the same two heats of ASTM A36 steel, and the same pretest preparation
procedures described in 3.3.1. He will also use the same brine described
above.

After loading the autoclaves with the specimens and brine, Westerman will
evacuate and refill the headspace twice with either 99.99% COp, 99.99% Hp, or
a nonflammable mixture of high-purity Ar and Hy. He will not check for leaks
as described in 3.3.1. Instead, he will maintain the autoclaves at the
desired pressure throughout the experiments by admitting additional COp, Hjp,
or Ar and Hy as necessary.

Westerman will maintain each autoclave at 30 + 5°C. He has not yet
chosen the procedure for temperature control, but the controller for each
autoclave will be independent of the other autoclaves. Brush has not yet

specified the pressures for these experiments, but Westerman will carry out
each type of run (anoxic corrosion by brine, H90 vapor, and Hp0 absorbed by
backfill materials) with two containers, one for 3 and 6 months and the other
for 12 and 24 months.

Westerman will carry out the same posttest characterization procedures as
described in 3.3.1, including x-ray-diffraction analysis of the corrosion
product, weight-loss measurements to determine the corrosion rate, calcula-
tion of the Hp-production rate, and monitoring the pressure increase and pre-
and posttest analysis of the gas to check the calculated Hjp-production rate.

3.3.3 Additional Quantification of Anoxic Corrosion of Steels

Westerman will determine the effects of factors such as basic conditions,
09 concentration, and the presence of the proposed backfill additive CuSO4 on
anoxic corrosion of low-C steels. Brush will describe this study in detail
later.

3.3.4 Quantification of Anoxic Corrosion of Other Metals

Westerman will quantify the anoxic corrosion of other metals, especially
Al and Al-base alloys. Brush will describe this study in detail later.

3.3.5 Quality Assurance and Safety

Westerman is carrying out his studies of anoxic corrosion (3.3.1 and
3.3.2) in accordance with applicable sections of the overall quality assur-
ance (QA) plan and implementing procedures described by PNL (1989a, 1989b),
and the QA plan developed for WIPP-related studies by PNL (1989c) and
approved by Pickering (1990a). These QA plans and procedures meet the
requirements of the American Society of Mechanical Engineers (1986) imposed
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by Sandia National Laboratories (SNL) (1984b). If necessary, PNL will revise
its QA plan for WIPP for future studies of anoxic corrosion (3.3.3 and 3.3.4)
before the initiation of these studies.

PNL is responsible for the development, approval, and implementation of
all safety procedures required for its studies.

3.4 RESULTS EXPECTED FROM BIN-SCALE AND ALCOVE TESTS

Analyses of gases sampled from bin-scale and alcove tests with contact-
handled transuranic waste (Molecke, 1990a; 1990b) will also provide informa-
tion relevant to anoxic corrosion. Comparison of the H9 production rates
obtained from humid and partially inundated bins may yield results pertinent
to the effects of Hy0 content on the rate of anoxic corrosion. Higher 02
production rates and lower Hyo production rates in partially inundated bins
than in humid bins may imply that production of 09 by radiolysis of brine,
and subsequent diffusion of 02 through brine, backfill, and the waste,
inhibit anoxic corrosion of metals. It would be difficult to use laboratory
or modeling studies to predict the extent to which competing reactions such
as aerobic microbial activity, radiolytically induced uptake by plastics, or
oxidation of dissolved species such as Fe2+ would prevent the diffusion of 09
through brine. The absence of Hy from partially inundated bins with the
proposed backfill additive CuSO4 (6.1) may imply that this compound prevents
anoxic corrosion effectively under the heterogeneous conditions expected for
WIPP disposal rooms.

3.5 SCHEDULES FOR LABORATORY STUDIES

In early December 1989, Westerman started to procure representative
samples of low-C steel for all of the studies of anoxic corrosion at PNL from
the same or equivalent sources that supply the material used to fabricate
drums and boxes for the Rocky Flats Plant. He will start the pretest
preparation procedures described in 3.3.1 by the beginning of February 1990.

Westerman will start to quantify anoxic corrosion of steels at low
pressure (3.3.1) at PNL as soon as possible. He will start experiments under
inundated conditions with N2 in the headspace by the beginning of April 1990,
under inundated conditions with €09 in the headspace by the beginning of May
1990, under humid conditions with N9 by the beginning of June 1990, and under
humid conditions with COp by the beginning of July 1990. He will carry out
these experiments for periods of 3, 6, and 12 months and will complete these
experiments by the end of March, April, May, and June 1991, respectively.
Posttest analysis and reporting will require another 3 months. He will thus
complete these parts of the study by the end of June, July, August, and
September 1991, respectively. He will start experiments with backfill mate-
rials and N9 or COp as soon as Butcher of SNL determines the Hp0 content of
these materials in equilibrium with WIPP brine and H90 vapor. Brush will
provide a schedule for these experiments later.

Westerman will start to quantify anoxic corrosion of steels at high
pressures (3.3.2) at PNL after he has started most of the low-pressure
experiments. He will start experiments under inundated conditions with Hp in
the headspace by the beginning of August 1990, and under humid conditions
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with Ho by the beginning of September 1990. He will carry out these
experiments for periods of 3, 6, and 12 months and will complete these
experiments by the end of July and August 1991, respectively. Posttest
analysis and reporting will require another 3 months. He will thus complete
these parts of the study by the end of October and November 1991,
respectively. He will also carry out experiments under humid and inundated
conditions with CO9, but Brush will provide a schedule for these experiments
later.

Westerman will quantify the effects of other factors on anoxic corrosion
of steels (3.3.3) at PNL. Whether he starts this study before he quantifies
the anoxic corrosion of other metals (3.3.4) at PNL depends on the results of
the first two studies described above. If anoxic corrosion of steels were
fast under humid conditions or in the presence of H90-bearing backfill
materials, he would probably start the study of the effects of other factors
on anoxic corrosion of low-C steels before the study of anoxic corrosion of
other metals. However, if anoxic corrosion of low-C steels were slow under
these conditions, he would probably start the study with other metals first.
Brush will provide schedules for these studies later.
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4.0 MICROBIAL ACTIVITY
4.1 JUSTIFICATION FOR LABORATORY STUDIES

Lappin et al. (1989) estimated that if brine or H90 vapor were present in
Waste Isolation Pilot Plant (WIPP) disposal rooms, microbial degradation of
cellulosics in the waste would produce about 1 mole of various gases per
equivalent drum of waste per year for 600 years, or a total of 600 moles per
drum (see 7.4 for the definition of an equivalent drum). These gases could
include CHy, COp, HpS, N2, and NH3, but the relative proportions at any given
time, and as a function of time, are unknown. Microbial activity is the
process of second greatest concern from the standpoint of the gas budget of
the repository. Anoxic corrosion of metals, the most important process,
would produce about 2 moles of Hy per drum per year for 450 years, or a total
of 900 moles (3.1).

Because microbial activity may consume more H90 than it produces (4.2),
the quantity of H20 in the disturbed rock zone available for transport to the
waste, either by brine inflow or diffusion of H90 vapor through the gaseous
phase, may prevent the production of 600 moles of gas per drum. Development
of an integrated model of the effects of gas pressurization, room closure,
brine inflow and outflow, and vapor-phase transport of Hp0 is still in
progress. Preliminary results suggest that absorption of H90 by crushed salt
and any bentonite in the backfill and the consumption of H90 by anoxic corro-
sion of metals (3.1) may limit the extent of microbial activity. The quanti-
ties of nutrients in WIPP brines and the waste may also limit microbial
activity.

The experimental program reviewed by Molecke (1979) yielded valuable data
on microbial activity, including the microbial gas production rate used by
Lappin et al. (1989). Subsequently, an increased awareness by geochemists of
the role of microorganisms in mediating diagenetic oxidation-reduction
(redox) reactions has led to the development of a conceptual model of the
effects of microbial activity on low-temperature geochemical systems.
Froelich et al. (1979) and Berner (1980) have described this model in detail;
Brush and Anderson (1988a) applied it to microbial degradation of transuranic
(TRU) waste in WIPP disposal rooms (4.2). From the perspective of the long-
term performance assessment of the WIPP, the most important results obtained
from this model have been: (1) a method for identifying microbial processes
(4.2.1 through 4.2.6) that could affect the gas and H90 budgets of the repos-
itory significantly; (2) the understanding that microbially mediated reac-
tions can determine the Eh and pH of low-temperature geochemical systems, and
hence the speciation, solubilities, and sorptive behavior of radionuclides in
these systems (Sholkovitz, Cochran, and Carey, 1983).

During 1988, an interdisciplinary group of experts reviewed this model,
previous microbiological studies carried out for the WIPP Project, relevant
microbiological studies conducted for other applications, and other aspects
of repository and radionuclide chemistry (Brush and Anderson, 1988a; 1988b;
1988¢c). Based on its review, the group concluded that: (1) microbial
activity is likely under the conditions expected for WIPP disposal rooms;
(2) microbial activity may produce significant quantities of gas, consume or
produce significant quantities of Hp0, affect the Eh and pH of any brine
present, and consume or produce ligands that form complexes with the
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important radionuclides in the waste; (3) sterilization of the waste to
prevent microbial activity is unfeasible.

Despite this progress, it is still unknown whether there will be
sufficient nutrients in WIPP disposal rooms for microbial activity, which
potentially significant microbial processes (4.2) will occur, at what rates
they will produce gas and produce or consume HP0 under realistic repository
conditions, and whether the H70 content and pressure of the repository will
affect these rates. The extent to which any of these potentially significant
processes will affect the chemical behavior of radionuclides under realistic
conditions is also wunknown. Finally, it is unclear whether the micro-
organisms responsible for any significant processes are likely to survive for
periods sufficient to affect the long-term performance of the repository.

4.2 IDENTIFICATION OF POTENTIALLY SIGNIFICANT MICROBIAL PROCESSES

In the natural environment, microorganisms oxidize organic matter (often
referred to as the substrate) by using the electron acceptor (oxidant) that
yields the most free energy per mole of organic C consumed (for example,
Froelich et al., 1979; Berner, 1980). After the depletion of this electron
acceptor, many microorganisms use the next most efficient electron acceptor
present. If the environment remains conducive to microbial activity, sequen-
tial usage of electron acceptors continues until microorganisms have consumed
the biodegradable organic matter, the available electron acceptors, or essen-
tial nutrients. In natural systems, the order of usage of electron acceptors
is 09, NO3-, 8042', and COp. Some microorganisms may also be able to use
Mn(IV) oxides and hydroxides, and Fe(III) oxides and hydroxides. Micro-
organisms that use 0y are referred to as aerobic; microorganisms that use the
other electron acceptors listed above are referred to as anaerobic. Faculta-
tive anaerobes use 09 as long as it is available, but can use other electron
acceptors such as NO3~ after the depletion of 0j.

For all of these processes, microorganisms will probably use cellulosics
as the substrate in preference to plastics and rubbers. Estimates of the
quantities and proportions of cellulosics in WIPP disposal rooms appear in
4.3. Microorganisms might use plastics and rubbers after the depletion of
cellulosics, especially if radiolysis renders these materials more
biodegradable (5.0).

For the sake of simplicity, Brush and Anderson (1988a) described these
microbial processes as though they will occur sequentially in WIPP disposal
rooms. This is generally the case in natural systems such as lacustrine and
marine sediments. The processes described below will probably occur sequen-
tially in many locations in the repository, but will also occur simul-
taneously in microenvironments separated by short distances, perhaps just a
few centimeters, because of the heterogeneous nature of the TRU waste to be
emplaced in the WIPP, Aerobic microbial activity, for example, could
continue for long periods near large particles containing radionuclides
because of continuous radiolytic production of 02 from brine or sludges.
Simultaneously, anaerobic microbial activity could occur in adjacent micro-
environments devoid of radionuclides but with large quantities of organic
matter.
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During any of these microbial processes, the degradation of organic
matter is complex and involves several intermediate steps mediated by
different microorganisms. Geochemists have described microbial activity
by writing overall equations representative of each process (for example,
Froelich et al., 1979; Berner, 1980; Brush and Anderson, 1988a). They use
various formulas such as CH20 (a simplified formula for glucose) or
(CH20)106 (NH3)16 - (H3PO4) (the Redfield ratio) to represent the substrate,
but do not include the synthesis of cellular material (biomass) by
microorganisms. Microbiologists, on the other hand, include synthesis of
biomass. To illustrate this difference, both types of equations appear in
the discussion below (4.2.1 through 4.2.6).

These overall equations imply that all or most of the microbially
produced CHy4, CO2, H9S, and N7 remain in the gaseous phase. It is also
possible to write these equations so that all or most of the COy and H3S
dissolves in the aqueous phase. Significant quantities of COp and HpS would
dissolve if enough brine were present and the pH of the brine were basic.
Because of the heterogeneous nature of the TRU waste to be emplaced in the
WIPP, the pH could vary over a wide range (1.10.4). It is therefore
difficult to predict the effects of these processes on the CO2 and HpS
budgets of the repository.

It is also unknown whether these microbial processes would consume or
produce Ho0 in WIPP disposal rooms. The overall reactions described in 4.2.1
through 4.2.6 produce H70, but the hydrolysis of cellulosics, the most
important potential substrate in the WIPP inventory, consumes H20 prior to
the start of these reactions. Therefore, the net effect on the H90 budget of
the repository is unclear.

Despite these uncertainties, it is possible to decide, based on currently
available knowledge of the quantities of potential electron acceptors avail-
able in WIPP disposal rooms, which of these microbial processes would, if
their rates were high enough, be significant in the repository.

4.2.1 Aerobic Respiration

Aerobic microorganisms use 02 as the electron acceptor and produce CO3.
The overall equations as written by Berner (1980) and Grbic-Galic (1988),
respectively, are:

CH,0 + O, = H,0 + CO

. I
2 2 2 27 (4.1a)

CH,0 + 0.11 ut + 0.11 No,” +0.21 0,

- 4
0.11 C5H702N + 0.67 HZO + 0.44 C02. (4.1b)

In these equations and the equations for other potentially significant micro-
bial processes (4.2.2 through 4.2.6), CH20 represents the substrate. In
Equation 4.1lb and the second equation for each of the other processes,
CsH709N represents biomass.
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Aerobic respiration will probably not be important in WIPP disposal rooms
because the quantity of Oy is limited. Brush and Anderson (1988a) calculated
that the quantity of 02 present in the air trapped in WIPP disposal rooms at
the time they are filled and sealed will only be sufficient to oxidize about
1 or 2% of the cellulosic materials in a room. Radiolytically produced 02
may promote aerobic microbial activity near large particles containing radio-
nuclides, but oxic corrosion, radiolytically induced uptake by plastics, and
oxidation of dissolved species such as Fe2t will compete with microorganisms
for radiolytic 0j.

Whether aerobic respiration and oxidizing conditions are significant in
WIPP disposal rooms for an extended period after filling and sealing will
depend critically on the H70 content of the repository and the production
rate of 0y by radiolysis of brine. Unless ongoing studies of brine inflow
and outflow, the planned laboratory study of gas production from the
radiolysis of brine (5.4), and observations of the rate and extent of the
transformation from oxic to anoxic conditions in the bin-scale and alcove
tests with contact-handled (CH) TRU waste (Molecke, 1989a; 1989b) prove
otherwise, the limited quantity of 03 initially present in the repository
implies that aerobic respiration will be insignificant in WIPP disposal
rooms.

4.2.2 Denitrification and Nitrate Reduction

After the depletion of 09, anaerobic respiration begins. During
denitrification, microorganisms use nitrate (NO3~) as the electron acceptor
and produce CO2 and N9. The overall equations as written by Berner (1980)
and Grbic-Galic (1988), respectively, are:

CH,O + 0.8 NO, = 0.6 H.O + 0.8 HCO, + 0.2 CO

9 3 9 3 + 0.4 N2; (4.2a)

2

CH0 + 0.46 H + 0.46 NO,”

= 0.076 C5H702N + 0.96 H20 + 0.624 CO2 + 0.192 N2. (4.2b)

The equations for NO3~ reduction are similar to those for denitrification,
but the former process produces NH3 instead of Nj.

These processes could be significant in the repository because: (1)
sludges in the WIPP inventory contain copious amounts of NO3~ which, because
of its high solubility, could dissolve in any brine present and diffuse to
drums or boxes containing cellulosic materials; (2) N2 might diffuse into the
surrounding Salado Fm. even less readily than other gases because the concen-
tration of Ny in intergranular brines may already be at or close to its solu-
bility limit; (3) although there is no known backfill additive to remove Ny
or prevent 1its production at a reasonable cost, emplacement of containers
with sludges in different rooms or panels than containers with cellulosics
might prevent denitrification and NO3~ reduction.

During NO3~ reduction, microorganisms also use NO3~ as the electron
acceptor but produce CO2, various oxides of nitrogen (NOy), and eventually
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ammonia (NH3). There is no known backfill additive to remove NH3 or prevent
its production at reasonable cost.

Because cellulosics and sludges will be emplaced in separate containers,
it is unlikely that cellulosics and NO3~ will come into contact prior to
rupture of drums and boxes, resaturation of the repository with brine, and
diffusion of NO3~ through the brine. Denitrification and NO3~ reduction
could, therefore, be significant in WIPP disposal rooms under saline but not
asaline conditions.

4.2.3 Manganese Reduction

Once denitrification and NO3~ reduction deplete all available NO3~, some
microorganisms may use Mn(IV) oxides and hydroxides as electron acceptors,
thereby reducing them to soluble Mn(II) phases (Lovley and Phillips, 1988).
According to Berner (1980) and Grbic-Galic (1989c), the overall equations
are:

2+

CHZO + 2 MNO2 + H20 + 3 CO2 = 2 MN + 4 HCO3 ; (4.34)
CH,0 + 1.08 MNO, + 2.29 HY + 0.0657 HCO,  + 0.0657 NO,~
= 0.0657 G.H,ON + 1.95 H,0 + 1.08 M2t 4 0.737 Co,. (4.3b)

Although this mode of microbial respiration has received only limited
study to date, Mn(IV) reduction would probably be insignificant in the
repository because of the absence of significant quantities of this element
from the WIPP inventory and brines. Brush and Anderson (1988a) proposed the
addition of MnO9 to the backfill to prevent: 5042' reduction (4.2.5); the
concomitant production of H9S; the reaction of H7S with Fe, Fe-base alloys,
or their corrosion products to form FeS9; the concomitant production of Hjp.
However, MnOy would probably not prevent S042- reduction effectively (6.1).
Mn(IV) reduction will therefore be insignificant in the repository.

4.2.4 Iron Reduction

Subsequent to the depletion of NO3~, some microorganisms may also use
Fe(III) oxides and hydroxides as electron acceptors, reducing them to soluble
Fe(II) phases in the process (Lovley and Phillips, 1986; 1988). The overall
equations as written by Berner (1980) and Grbic-Galic (1989b), respectively,
are:

2+

CHZO + 4 Fe(OH)3 + 7 CO2 =3 H20 + 4 Fe + 8 HCO3 ; (4.4a)
CHZO + 1.79 Fe(OH)3 + 0.08 NO3
= 0.08 CSH702N + 1.58 H20 + 1.79 Fe2+ + 0.60 HCO3_ + 3.06 OH . (4.4b)
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Brush and Anderson (1988a) calculated that the quantity of 09 present in
the air trapped in WIPP disposal rooms at the time they are filled and sealed
will only be sufficient to oxidize about 1% or less of the drums in a room to
magnetite, an Fe(II, III) oxide and the most likely oxic corrosion product.
(Sorensen, personal communication). Haberman and Frydrych (1988) identified
Fe(OH)9 (amakinite), an Fe(II) hydroxide, as their anoxic corrosion product,
but Fe304 (magnetite) is also a possible anoxic corrosion product under
expected WIPP conditions (3.2.1.1). Reaction of Fe, Fe-base alloys, Fe30y4,
or Fe(OH)9 with COp in the absence of H2S, HS-, or $2- would produce FeCO3
(siderite), an Fe(III) carbonate. Reaction of H9S, HS™, or S2- with Fe, Fe-
base alloys, or their corrosion products would produce FeSy (pyrite), an
Fe(II) sulfide. Although it is unclear which Fe phase or phases will be
formed as a result of these processes, microorganisms would not use the
Fe(II) phases Fe(OH)7, FeCO3, and FeS)p as electron acceptors, but might use
the Fe(II, III) phase Fe304. Fe(III) reduction would only be a potentially
significant process in the event of significant formation of Fe30y4.

4.2.5 Sulfate Reduction

After the depletion of NO3- and, perhaps, any Mn(IV) and Fe(III) oxides
and hydroxides, obligately anaerobic microorganisms use 5042' as the electron
acceptor. These microorganisms reduce $042- to HpS. The overall equations
as written by Berner (1980) and Grbic-Galic (1988), respectively, are:

2- -
CHZO + 0.5 SO4 = 0.5 HZS + HCO3 ; (4.5a)

CH,0 + 0.58 H' + 0.04 No,” + 0.34 5042'

= 0.04 C_H.O.N + 0.88 HZO + 0.18 st + 0.18 HS + 0.4 CO

sH50, (4.5b)

9°

Because the average concentration of $042- in SB-3 and ERDA-6 is 170 mM
(Tables 2.1 and 2.3), 5042' reduction could be a significant process if brine
were present in WIPP disposal rooms. It is unknown whether microorganisms

could use 5042' from evaporite minerals as an electron acceptor under humid
conditions.

The H2S produced by 5042' reduction will probably react with Fe, Fe-base
alloys, or their corrosion products to form FeSp, Hp, and (in the case of
hydrous corrosion products) H90. These reactions will remove any microbially
produced HyS effectively as long as the quantity of Fe-bearing phases exceeds
either the quantity of S042- or substrate available. The release of H20 from
hydrous corrosion products will facilitate additional oxic or anoxic corro-
sion, or microbial activity.

Unless significant quantities of S042- occur in sludges, it is difficult
to envision the presence of 5042‘ in asaline solutions in WIPP disposal
rooms . 5042' reduction could therefore be significant in the repository
under saline, but not asaline, conditions.
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4.2.6 Fermentation and Methanogenesis

Fermentative microorganisms convert various substrates to acetic acid,
butyric acid, ethyl alcohol, methyl alcohol, propyl alcohol, propionic acid,
valeric acid, etc., and CO2 and Hp. Next, some microorganisms convert these
acids and alcohols, along with H*, to acetic acid, CO2, and Hp. This step,
Ht-reducing acetogenesis, only occurs if 5042'-reducing or methanogenic
microorganisms are present to scavenge Hp. Methanogenic microorganisms then
convert CO9 and Hp to CHs4 and H70. Methanogens can also convert acetic acid
to CHy and CO2. Although acetic acid could be produced by fermentation and
H*-reducing acetogenesis, it will also be present in the waste and could
dissolve in any brine present in WIPP disposal rooms (7.4). According to
Berner (1980) and Grbic-Galic (1988), the overall equations are:

2 CH,0 = CH, + CO

. J4
9 4 9 (4.6a)

CH,0 + 0.04 ut + 0.04 NO, "

= 0.04 CSH702N + 0.16 H20 + 0.26 CH4 + 0.44 C02. (4.6b)

Because fermentation and methanogenesis could occur in unbreached drums
or boxes containing cellulosics without electron acceptors from sludges or
brines, these processes might be significant in WIPP disposal rooms under
asaline conditions. Fermentation and methanogenesis will also be potentially
significant after the containers rupture and brine enters the repository,
especially as the electron acceptors discussed above are depleted.

4.3 ESTIMATES OF CELLULOSICS IN THE WIPP INVENTORY

Estimates of the quantities of various types of cellulosics in the WIPP
inventory are necessary to design laboratory studies of microbial activity.
Brush and Anderson (1988b) used estimates of cellulosics by Drez (personal
communication) to calculate the microbial gas production potential (these
calculations also appear in Lappin et al., 1989).

Subsequent to these calculations, Drez and James-Lipponer (1989)
completed a preliminary inventory of the nonradioactive constituents of the
CH TRU waste to be emplaced in the WIPP. This inventory is based on the
results of a survey, which included a detailed questionnaire, of the waste
generators and storage sites.

To obtain the total quantities of cellulosics in the containers and waste
to be emplaced in the WIPP, Brush: (1) prorated the quantities for other
wood (Table 3-5 in Drez and James-Lipponer, 1989) between treated and
untreated lumber (Table 3-5); (2) added other paper (Table 3-5) to
paper/Kimwipes (Table 3-5); (3) prorated wood/plywood (Table 3-8 of Drez and
James-Lipponer, 1989) among lumber (treated), lumber (untreated), and plywood
(all in Table 3-5).

The quantities estimated by Drez and James-Lipponer (1989) are 1,720 kg

of cellulosics with phenolic binders, 226,000 kg of cloth, 21,000 kg of
fiberboard, 327,000 kg of lumber (treated), 652,000 kg of lumber (untreated),
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3,890,000 kg of paper, and 723,000 kg of plywood. They did not specify what
treated lumber is.

Based on these estimates, Brush calculated that the cellulosics in the
WIPP inventory will consist of about 0.03% cellulosics with phenolic binders,
4% cloth, 0.4% fiberboard, 6% lumber (treated), 10% lumber (untreated), 70%
paper, and 10% plywood. These percentages do not add up to 100% because
Brush rounded them off to one significant figure.

Brush divided the total quantity of cellulosics in the CH TRU waste to be
emplaced in the WIPP (Drez and James-Lipponer, 1989), 4,350,000 kg, by the
total number of equivalent drums for which data are available, 421,763, to
obtain a value of about 10 kg of cellulosics per drum. (See 7.4 for the
definition of an equivalent drum.) This estimate is similar to the value of
8 kg of cellulosics per drum used by Lappin et al. (1989) to calculate the
microbial gas production potential. To estimate the total quantity of
cellulosics per WIPP disposal room, Brush multiplied 10 kg of cellulosics per
drum by 6,800 drums per room and obtained a value of about 70,000 kg of
cellulosics per room.

4.4 DESCRIPTION OF LABORATORY STUDIES

The objectives of these studies are to: (1) determine which potentially
significant microbial processes (4.2) occur under overtest conditions
(4.4.2); (2) quantify the effects of potentially significant processes on the
gas and H90 budgets of WIPP disposal rooms under realistic conditions, both
humid and inundated (4.4.3); (3) quantify the effects of pressure, if neces-
sary, on any significant processes (4.4.4); (4) quantify the effects of
potentially significant processes on the chemical behavior of the important
radionuclides in TRU waste under realistic conditions (4.4.5); (5) determine
whether the microorganisms responsible for any significant processes are
likely to survive for periods sufficient to affect the long-term performance
of the repository (4.4.6).

D. Grbic-Galic of Stanford University is determining which potentially
significant microbial processes (currently denitrification, NO3- reduction,
5042‘ reduction, fermentation, and methanogenesis) occur under overtest
conditions (4.4.2). These conditions are required to determine which
processes occur under saline conditions in relatively short (up to 6-month)
experiments. The inocula for these experiments consist of both nonhalophilic
microorganisms to simulate the microbes present in TRU waste (some of them
may be halotolerant or develop halotolerance when exposed to saline condi-
tions), and halophilic microorganisms from the WIPP Site and vicinity.
Observation of microbial activity under overtest conditions would not neces-
sarily imply that a process will be significant in the WIPP; the objective of
these studies is to identify microbial processes for studies under realistic
conditions.

After determining which potentially significant microbial processes occur
under overtest conditions, Grbic-Galic will quantify their effects on the gas
and H20 budgets of WIPP disposal rooms under various realistic conditions
(4.4.3). This study will simulate as closely as possible: (1) fermentation
and methanogenesis under humid, asaline conditions in containers emplaced in
sealed WIPP disposal rooms before closure-induced rupture of the containers
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(because any drums or boxes that contain free liquids have been or will be
grouted prior to shipment to the WIPP, the waste could be moist, but will not
contain free liquids prior to rupture of containers and resaturation of
the repository with brine); (2) any denitrification, NO3~ reduction, 5042'
reduction, fermentation, and methanogenesis under humid, saline conditions
expected after rupture of the containers, but before resaturation with brine;
(3) any of these potentially significant processes under long-term, humid,
saline conditions caused by consumption of all of the brine that flows into
the repository by bentonite or chemical reactions such as microbial
hydrolysis of cellulosics and corrosion of metals, or expulsion of brine by
gas; (4) any of these potentially significant processes under inundated,
saline conditions. Microbial degradation of cellulosics under saline condi-
tions, either humid or inundated, but without any nutrients in addition to
those already present in brine and the waste, could be very slow and hence
difficult to measure. The inocula for these experiments will consist, there-
fore, only of microorganisms for which activity was observed under overtest
conditions. This study will identify which microbial processes that occur
under overtest conditions are actually significant from the standpoint of
their effects on the gas and H70 budgets of the repository.

If microbial gas production is significant under realistic conditions, a
study may be necessary to quantify the effects of pressure on the gas produc-
tion rate. Although techniques currently exist for maintaining deep-sea
microorganisms at high pressures in the laboratory, adaptation of existing
bioassay procedures to high pressures could be difficult and time-consuming.

A. J. Francis of Brookhaven National Laboratory (BNL) will quantify the
effects of potentially significant microbial processes on the speciation,
solubilities, and sorption of radionuclides under realistic conditions
(4.4.5). Microbial activity could affect the chemical behavior of radio-
nuclides even more than inorganic processes (for example, Sholkovitz,
Cochran, and Carey, 1983), and could increase or decrease the concentrations
of radionuclides from those expected based on inorganic speciation, solubil-
ity, or sorption studies (7.0). Microbial processes could therefore affect
the long-term performance of the WIPP significantly even if they do not
affect its gas or H90 budget.

Finally, Grbic-Galic will determine whether the microorganisms respon-
sible for any significant processes are likely to survive for periods
sufficient to affect the long-term performance of the WIPP (4.4.6). This
study will begin after the identification of those potentially significant
processes that affect the repository gas and H20 budgets or the chemical
behavior of radionuclides.

4.4.1 Stanford Batch Bioassay Procedure

Grbic-Galic is using or will use the batch bioassay procedure developed
by Owen et al. (1979) and modified by Tong et al. (in preparation) for most
of these laboratory studies (4.4.2, 4.4.3, and 4.4.6). Although investiga-
tors at Stanford University developed and modified this technique for
methanogenic fermentation studies, it is also suitable for studies of
denitrification, NO3~ reduction, and S042- reduction.
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Owen et al. (1979) used 250-ml glass serum bottles for their study (the
actual volume was 264 + 1 ml when sealed). Grbic-Galic’'s studies may require
larger bottles, possibly as large as 1 or 10 L, especially for conditions
under which microbial gas production rates are low. Very low rates are
likely in the studies of the effects of microbial activity on the gas and H0
contents of WIPP disposal rooms, for example, because these studies must be
carried out under expected repository conditions, not overtest conditions
(4.4.3). Smaller bottles may be necessary for the experiments to determine
whether a radiolysis increases the biodegradability of plastics and rubbers
(3.2.1).

After flushing their bottles for 15 minutes at 0.5 L per minute with an
Og-free mixture of 30% CO7 and 70% N2, Owen et al. sealed them with plastic
serum caps and equilibrated them at incubation temperature before adding a
defined medium with nutrients and vitamins for mixed anaerobic cultures,
substrate, and inocula. They transferred the substrates, nutrient medium
(preequilibrated to incubation temperature), and inocula to the serum bottles
under carefully maintained, anaerobic conditions.

Owen et al. (1979) periodically measured the microbial gas production
rate by flushing 5- to 50-ml glass syringes equipped with 20-gauge needles
with the C07-N7 gas mixture used above, inserting the needles through the
stoppers of the serum bottles, and noting the volume displaced by the
plungers after pressure equilibration between each bottle and syringe. They
checked these readings by pulling the plungers past the equilibration point
and releasing, thus approaching equilibrium from higher and lower pressures.
They either analyzed or discarded these gas samples as necessary. Discarding
gas prevents excessive pressure build-up within the bottles which, when
stoppered, can accommodate differentials of about + 0.5 atm.

To maximize the precision and accuracy of their results, ensure that
nutrients were not limiting, and avoid possible substrate toxicity, Owen
et al. (1979) chose a sample size and liquid-to-volume ratio to produce about
20 to 120 ml of total gas (CH4 and CO2). For readily degradable substrates
such as pure cellulose, they generally used a 2- to 20-ml liquid sample (or
a dry sample) with 150 mg chemical Oy demand, with a total liquid volume of
160 ml. Because their 250-ml serum bottles actually had a volume of
264 + 1 ml, their void volume was 104 ml. Their precision for total gas was
typically + 2%.

For each set of conditions, Owen et al. (1979) carried out triplicate
experiments at an incubation temperature of 35°C for a period that usually
lasted 30 days.

Owen et al. (1979) corrected their measured gas production rates by
subtracting background values obtained from seed blanks, which they prepared
according to the procedure described above except for the addition of the
substrate.

Tong et al. (1989) modified the medium formulation by adding 20 mg/l of
NiClp-6H20 to the nutrient solution, increasing the concentration of N and
vitamins, increasing the buffer capacity, and reducing the concentrations of
other components by about 1 order of magnitude.
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4.4.2 Determination of Whether Potentially Significant Microbial Processes
Occur

Grbic-Galic is using the batch bioassay procedure developed at Stanford
University for methanogenic fermentation studies (4.4.1) with the modifica-
tions described below to determine whether the potentially significant
microbial processes denitrification, NO3~ reduction, S044- reduction,
fermentation, and methanogenesis are possible under overtest conditions
(inundated with WIPP brine and amended with nutrients).

For this study, Grbic-Galic is using solutions consisting of brine and/or
the nutrient medium of Owen et al. (1979), with additional modifications for
this study. These solutions contain 0, 30, 60, and 100% Salado-Fm. brine
collected from G Seep in the WIPP underground workings (2.3.1.2). She may
also use brines collected from other locations in the WIPP underground
workings, a synthetic Salado-Fm. brine once Brush has defined a standard
brine (2.3.1.3) and developed a formulation for it, or synthetic brines that
simulate the composition of Castile-Fm. brines and fluids from overlying
formations after equilibration with brines and minerals from the Salado Fm.
(2.4.5 and 2.4.6). The use of other brines would be important if the studies
with brine from G-Seep fail to yield evidence for microbial activity, but
much less important if the initial studies do yield microbial activity. The
former result could be caused by atypically high or low concentrations of an
element or complex species in brine from G-Seep. For the studies of denitri-
fication, NO3~ reduction, and 5042‘ reduction, Grbic-Galic adds NO3~ or $042-
to the solutions to serve as electron acceptors. She carries out these
experiments with and without a carbonic acid-bicarbonate (H3C03-HCO3-) buffer
to maintain the solutions at a pH of about 6.8 to 7.2.

The substrates for this study are: Solka Floc BW200 (a widely used,
commercially available, powdered standard cellulose purified from mixed
hardwoods) for all of the microbial processes; pure D-glucose (the major
product of the hydrolysis of cellulose) for denitrification, NO3~ reduction,
and methanogenic fermentation; acetate (a product of the fermentation of
glucose) for 5042‘ reduction and methanogenesis; lactate for 5042‘ reduction.

These substrates are the sole source of organic C and energy in these
experiments. Because the objective of these studies is to determine whether
potentially significant microbial processes (4.2) are possible under saline
conditions, the substrates are readily biodegradable in most cases to
facilitate detection of any microbial activity in relatively short experi-
ments (up to 6 months). Microbial hydrolysis of cellulosics, the most
important substrate in TRU waste, will be very slow; the overall rates of
microbial processes in WIPP disposal rooms will therefore be lower than in
this study, which cannot be used to obtain realistic microbial gas production
rates. A description of the study to obtain realistic, not overtest, gas
production rates appears in 4.4.3,

Because a variety of microorganisms could be present in the TRU waste to

be emplaced in the WIPP, Grbic-Galic uses several inocula for this study. In
all cases, these inocula constitute 5 to 20 vols of the culture.
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The microorganisms in TRU waste could include numerous species capable of
fermentation and methanogenesis once anaerobic conditions develop in the
unbreached containers. A variety of facultative anaerobes in the waste could
carry out denitrification or NO3- reduction when the containers rupture,
brine enters WIPP disposal rooms, and NO3- diffuses from containers with
sludges to those with cellulosics or other potential substrates. Although
these microorganisms prefer asaline conditions, some of them may be halotol-
erant or develop halotolerance when exposed to saline conditions. Fermenta-
tion and methanogenesis could continue if brine were present. Grbic-Galic
carries out experiments to determine whether microbial communities known to
conduct denitrification, NO3~ reduction, 8042' reduction, fermentation, and
methanogenesis in asaline solutions can operate in WIPP brines.

To simulate the microorganisms in the waste, Grbic-Galic uses samples of
microflora from laboratory air, swipes of laboratory surfaces such as bench
tops and floors, laboratory waste, and human skin to inoculate some of these
experiments. Although the microbiological laboratories at Stanford Univer-
sity do not produce TRU waste, they probably contain a variety of micro-
organisms similar to those contained in the facilities that actually do
produce TRU waste.

Grbic-Galic may also use an aerobic, activated sewage-sludge inoculum to
determine whether denitrification or NO3~ reduction is possible under saline
conditions, and anaerobic sludge communities to determine if 8042' reduction,
fermentation, and methanogenesis are possible.

Strictly halophilic microorganisms capable of carrying out denitrifica-
tion, NO3~ reduction, 8042' reduction, fermentation, or methanogenesis could
also enter the repository on dust particles transported from nearby salt
lakes, soils, and the WIPP tailings pile by wind and the mine ventilation
system. Because they have evolved under saline conditions, these micro-
organisms could be better adapted to expected repository conditions than
potentially halotolerant microorganisms in TRU waste, and could therefore
affect repository chemistry more than halotolerant species. Grbic-Galic will
therefore inoculate some experiments with microbial communities from the WIPP
Site and vicinity. Vreeland of West Chester University is enriching cultures
of halophilic and halotolerant microorganisms from brines and sediments from
the salt lakes in Nash Draw, soils adjacent to the WIPP Site, the tailings
pile, and the WIPP underground workings. He is attempting to obtain micro-
bial communities from surficial environments in which aerobic organisms are
active (these communities could contain facultative anaerobes capable of
carrying out denitrification, NO3~ reduction, or fermentation), and (in the
case of the lacustrine sediments, the soils, and the tailings pile) from
deeper environments which contain anaerobic microorganisms conducting 8042’
reduction, fermentation, and methanogenesis. The enrichment of microbial
communities responsible for each of these potentially significant processes
could prove difficult and time-consuming; he is especially concerned about
8042'-reducing microorganisms.

The sterilization procedure for containers, nutrient media, and nonther-
molabile substrates consists of heating in a steam autoclave at 121°C and a
pressure of 18 psi for 20 to 30 minutes. The cold sterilization procedure
for thermolabile materials such as acetate, glucose, lactate, and vitamin
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solutions is filtration through a bacteriological filter with a pore size of
0.20 pm.

Grbic-Galic carries out media preparation, inoculations, and culture
transfers with strictly observed aseptic methods under a stream of 0j-free N
or in anaerobic chambers under an atmosphere of 02-free N2 and H2. She is
recording the weight and composition of all materials added to the cultures
to construct a mass balance for each experiment.

Grbic-Galic conducts most of these experiments in hermetically sealed
glass serum bottles, previously flushed with N2, under an Op-free atmosphere
of 30% COp and 70% Np. The seals consist of black butyl rubber stoppers held
in place with Al crimps.

For each set of conditions, Grbic-Galic carries out triplicate experi-
ments in the dark at an incubation temperature of 30°C for periods up to
6 months.

Grbic-Galic uses three types of controls for this study: (1) abiotic
controls prepared according to the procedure described above, except for the
addition of the inocula; (2) sterilized (autoclaved) controls with the same
constituents as the active cultures, except that inocula have been deacti-
vated: (3) controls with nutrients and active inocula, but without substrate.

Grbic-Galic monitors microbial activity by analyzing for several
intermediate and final products of the substrates used for these studies
in the solutions of brine and nutrient medium or the gaseous phase. The
intermediate products consist of organic acids, volatile acids, and Hp; the
final products include CH4 (methanogenesis), CO2 (denitrification, NO3~
reduction, 3042' reduction, and methanogenesis), H2S (3042' reduction), and
No (denitrification and NO3~ reduction). She also measures the dissolved
concentrations of the potential electron acceptors CO02 (methanogenesis), NO3~
(denitrification and NO3- reduction), and 3042' (3042‘ reduction) in the
solutions, as well as the dissolved concentrations of the nutrients N and P,
and the pH.

Grbic-Galic analyzes for organic and volatile fatty acids by chromato-
graphic separation as described by the American Public Health Association
(1985). To determine CHy4, CO2, N7, and 02 (to ensure that conditions remain
anoxic), she uses gas partitioning as discussed by Tong et al. (1989). For
Hp, she uses gas reduction detection. This method consists of separating H)
from other gases, passing it over a heated bed of HgO, and analyzing for Hg
vapor by ultraviolet photometry (Smith, 1987). The colorimetric procedure
for dissolved N is based on American Public Health Association (1976) and
Sawyer and McCarty (1978); that for P is based on Environmental Protection
Agency (1971) and the references cited for N. She is developing analytical
procedures for H2S, NO3-, and S042- and will develop other analytical
procedures as necessary during the course of these studies.

Grbic-Galic will not carry out any taxonomic analyses of the micro-

organisms responsible for any substrate degradation observed in this study at
the present time, but might do so later.
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Any procedures not described herein are identical to those discussed
previously (4.4.1).

4.4.3 Quantification of the Effects of Potentially Significant Microbial
Processes on Repository Gas and Water Budgets

Grbic-Galic will use the batch bioassay procedure developed at Stanford
University for methanogenic fermentation studies (4.4.1) with the modifica-
tions described below to measure the rates at which any potentially signifi-
cant microbial processes observed under overtest conditions (4.4.2) consume
or produce gas and H70. She will simulate as closely as possible the condi-
tions expected for WIPP disposal rooms (humid and asaline, humid and saline,
or inundated and saline) and avoid as much as possible overtest conditions
that might accelerate these processes.

Grbic-Galic will carry out this study with different brines to quantify
the effects of chemical variations (2.3 and 2.4) on the rates of these pro-
cesses. Initially, she will use Salado-Fm. brines collected from the WIPP
underground workings (2.3.1.2). She may also use a synthetic Salado-Fm.
brine once Brush has defined a standard brine (2.3.1.3) and developed a for-
mulation for it, as well as synthetic brines that simulate the composition of
Castile-Fm. brines and fluids from overlying formations after equilibration
with brines and minerals from the Salado Fm. (2.4.5 and 2.4.6).

Brush cannot estimate the quantities of nutrients in the TRU waste to be
emplaced in the WIPP and, hence, their concentrations in any brine present in
the repository. Therefore, Grbic-Galic will amend some, but not all, of
these brines with nutrients to encompass possible conditions in WIPP disposal
rooms. Bin-scale and alcove tests with CH TRU waste (Molecke, 1990a; 1990b)
may reveal whether the availability of nutrients will limit microbial activ-
ity (4.5).

In addition, Grbic-Galic will measure the rates of these microbial pro-
cesses under humid conditions by placing the substrate, electron acceptors,
and inocula in an atmosphere saturated with H90 vapor in equilibrium with
brine, but without placing them directly in the brine. Although the thermo-
dynamic activity of H20 in these experiments will be equal to its activity in
brine, the former experiments could yield lower rates for these processes
because microorganisms must extract Hp0 from the gaseous phase instead of
from brine. It may be necessary to reduce the rates measured in these exper-
iments even further to account for the time required for diffusive transport
of H20 vapor from the Salado Fm. through the repository atmosphere to
locations at which microbial activity occurs.

Grbic-Galic will use cellulosics as the substrate for these experiments.
Initially, she will use Solka Floc BW200 (4.4.2). She expects that the rates
of gas production from denitrification, NO3~ reduction, 5042' reduction,
fermentation, and methanogenesis will be very low, perhaps too low to measure
(she will add the electron acceptors described in 4.4.2 to these experiments,
but will not amend them with any nutrients). If so, she will report upper
limits for these rates.

However, if the studies with Solka Floc BW200 yield measurable gas-
production rates, Grbic-Galic will probably use paper (laboratory tissues,
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paper towels, etc.) to simulate the cellulosics in the WIPP inventory (4.3).
She will use only paper because: (1) it is the largest constituent, about
70%, of the cellulosics in TRU waste; (2) microbial degradation of the other
cellulosics will probably be too slow to yield measurable rates. She will
use scissors to cut the paper to a size larger than that of Solka Floc BW200
(99% < 150 pum). If these experiments yield measurable rates, she will use
paper in larger sizes and possibly other cellulosics as well.

Grbic-Galic will use as inocula any microorganisms capable of carrying
out denitrification, NO3~ reduction, 5042' reduction, fermentation, or
methanogenesis in the study described in 4.4.2. She may use inocula denser
than expected in WIPP disposal rooms to shorten the time period required for
the build-up of a small microbial population at the beginning of these
experiments.

For each set of conditions, Grbic-Galic will carry out triplicate
experiments in the dark at an incubation temperature of 30°C for periods of
up to 1 year.

Grbic-Galic will monitor microbial activity as described in 4.4.2. 1In
addition, she will develop a procedure to determine the net consumption or
production of H90 during the microbial degradation of cellulosic materials.
Environmental microbiologists have not quantified this parameter in any
studies to date.

Any procedures not described herein are identical to those discussed
previously (4.4.1 and 4.4.2).

4.4.4 Quantification of the Effects of Pressure on Microbial Processes That
Affect the Repository Gas and Water Budgets Significantly

A study may be necessary to quantify the effects of pressure on any
microbial processes that affect the repository gas and H20 budgets
significantly. 1If so, Brush will describe this study in detail later.

4.4.5 Quantification of the Effects of Potentially Significant Microbial
Processes on Radionuclide Chemistry

Francis will carry out a study of the effects of microbial processes on
radionuclide chemistry. Brush will describe this study in detail later.

4.4.6 Determination of Whether Microorganisms Are Likely to Survive for
Long Periods

Grbic-Galic will use the batch bioassay procedure developed at Stanford
University for methanogenic fermentation studies (4.4.1) with the modifi-
cations described below to determine whether the microorganisms responsible
for any significant processes (4.4.3) are likely to survive for periods
sufficient to affect the long-term performance of the WIPP. She will carry
out both short-term (a few months) and long-term (a few years, if possible)
survival experiments.

As inocula, Grbic-Galic will use any microorganisms capable of conducting
denitrification, NO3~- reduction, 5042' reduction, fermentation, or
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methanogenesis under realistic conditions at rates sufficient to affect the
gas and H20 budgets of the repository significantly.

Grbic-Galic will store these microorganisms under humid and, perhaps,
inundated conditions without a substrate and with any electron acceptors

(4.4.2) with which microbial activity proceeds at significant rates.

After monthly intervals, Grbic-Galic will test for survival of micro-

organisms by inoculating them into favorable aqueous media. After yearly
intervals, she will test for survival by adding substrates such as acetate,
cellulosic materials, glucose, or lactate. Detection of microbial activity

after inoculation or the addition of these substrates would imply that these
microorganisms are still viable.

Any procedures not described herein are identical to those discussed
previously (4.4.1 through 4.4.3).

4.4.7 Quality Assurance and Safety

Grbic-Galic is carrying out her studies of microbial activity (4.4.2,
4.4.3, and 4.4.6) in compliance with a quality assurance (QA) plan developed
for WIPP-related studies (Grbic-Galic, 198%a) and approved by Pickering
(1989b). This QA plan meets the requirements of American Society of Mechani-
cal Engineers (1986) imposed by Sandia National Laboratories (1984a). The
investigators responsible for future studies of microbial activity (4.4.4 and
4.4.5) will develop QA plans prior to the initiation of these studies.

Stanford University 1is responsible for the development, approval, and
implementation of all safety procedures required for its studies. The
subcontractors selected for future studies of microbial activity (4.4.4 and
4.4.5) will be responsible for the safety of these studies.

4.5 RESULTS EXPECTED FROM BIN-SCALE AND ALCOVE TESTS

Analyses of gases sampled from bin-scale and alcove tests with CH TRU
waste (Molecke, 1990a; 1990b) will also provide results relevant to microbial
activity. Because it is difficult to estimate the gquantities of nutrients in
waste and, hence, their concentrations in any brine present in WIPP disposal
rooms, the bin-scale tests provide an opportunity to determine whether the
availability of nutrients will limit microbial activity. Comparison of CH4,
CO2, H9S, N2, and NH3 production rates in bins with different types of waste
may provide information on the relative importance of potentially significant
microbial processes (4.2). Comparison of these gas production rates obtained
from humid and partially inundated bins may provide data on the effects of
H20 content on the rates of microbial activity. Lower CHy4, H2S, or N2
production rates in partially inundated bins with the proposed backfill addi-
tives Ca0O, Ca(OH)2, KOH, and NaOH than in similar bins without these com-
pounds may imply that basic conditions inhibit microbial activity.

4.6 SCHEDULES FOR LABORATORY STUDIES

Grbic-Galic started to determine which potentially significant microbial
processes occur under overtest conditions (4.4.2) at Stanford University in
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early October 1989, with nonhalophilic inocula. Vreeland sampled halophilic
and halotolerant microorganisms from the WIPP Site and vicinity for the first
time in mid-November 1989, but he does not know yet whether he successfully
enriched microbial communities responsible for each of the potentially sig-
nificant processes. He is especially concerned about S042- -reducing micro-
organisms. If Vreeland's first field trip was even partially successful,
Grbic-Galic will start bioassays with halophilic and halotolerant inocula at
Stanford by the beginning of January 1990. However, if additional field
trips are necessary, she may not be able to start all of these experiments at
Stanford until the beginning of April 1990 or later. She will carry out
these experiments for periods of up to 6 months. She will complete the
bioassays by the end of September 1990, if Vreeland enriches microbial
communities responsible for all three potentially significant processes by
the end of April 1990. Posttest analysis and reporting will require another
3 months. Grbic-Galic will thus complete this study by the end of December
1990.

Grbic-Galic will start to quantify the effects of those potentially
significant processes that actually occur on the gas and H20 budgets of WIPP
disposal rooms under realistic conditions (4.4.3) at Stanford University as
soon as she identifies which processes occur under overtest conditions. If
any of the nonhalophilic microorganisms used to inoculate the first bioassays
under overtest conditions prove to be halotolerant, she will start bioassays
under realistic conditions by the beginning of April 1990. In any case, she
will start experiments under realistic conditions with enrichments of
halophilic and halotolerant microorganisms from the WIPP Site and vicinity by
the beginning of October 1990. Microbial gas production under realistic
conditions could be very slow and hence difficult to measure. She will carry
out these experiments for at least 1 year, and perhaps longer if she does not
observe any gas production, to ensure that these microorganisms do not affect
the long-term performance of the repository significantly. She hopes to
complete the bioassays by the end of September 1991. Posttest analysis and
reporting will require another 3 months. She will thus complete this study
by the end of December 1991.

A study may be necessary to quantify the effects of pressure on the
microbial gas production rate (4.4.4). Brush will start this study as soon
as possible, but has not selected a subcontractor yet. He will provide a
schedule later.

Francis will quantify the effects of microbial processes that occur under
overtest conditions on the speciation, solubilities, and sorption of radio-
nuclides under realistic conditions at BNL (4.4.5). He will start this study
as soon as possible. Brush will provide a schedule later.

Grbic-Galic will determine whether the microorganisms responsible for any
significant processes are likely to survive for long periods (4.4.6) once she
or Francis has identified which microbial processes could affect the reposi-
tory gas and H70 budgets or the chemical behavior of radionuclides signifi-
cantly. She will start this study at Stanford University by the beginning of
October 1990 and will carry out these experiments for as long as possible.

-63-



5.0 RADIOLYSIS
5.1 JUSTIFICATION FOR LABORATORY STUDIES

Most of the data reviewed by Molecke (1979) imply that the radiolytic gas
production rate for transuranic (TRU) waste in Waste Isolation Pilot Plant
(WIPP) disposal rooms will be significantly lower than recent estimates of
the gas production rates from anoxic corrosion of metals (3.1) or microbial
degradation of cellulosics (4.1).

Estimates of the microbial gas production potential, and hence the total
gas production potential, are very sensitive to assumptions of the extent to
which microorganisms will degrade cellulosics and plastics in the TRU waste
to be emplaced in the WIPP. Lappin et al. (1989) estimated a microbial gas
production potential of 600 moles per drum by assuming that microorganisms
convert 100% of the cellulosics, 50% of the rubbers, but none of the plastics
in the WIPP inventory to gas. Their estimate would have been much higher if
they had assumed that microorganisms will degrade plastics significantly.
The microbial gas production potential is much less sensitive to the conver-
sion of rubbers because there 1is much less rubber than plastic in the
inventory (5.2).

Microorganisms will almost certainly consume cellulosics in preference
to plastics and rubbers. Irradiation of plastics could, however, cause
scission, decreased saturation, and changes in the chemical composition of
these materials such as uptake of Ng, 09, and S (5.3), which could make them
more biodegradable (Grbic-Galic, personal communication). A laboratory study
of the effects of a radiolysis on the biodegradability of these materials
under various repository conditions 1Is necessary to determine the gas produc-
tion potential of the waste.

5.2 ESTIMATES OF PLASTICS AND RUBBERS IN THE WIPP INVENTORY

Estimates of the quantities and proportions of plastics and rubbers in
the WIPP inventory are necessary to design laboratory studies of the effects
of radiolysis on the biodegradability of these materials, as well as for
estimates of their microbial gas production potential.

These estimates are based on the preliminary inventory by Drez and James-
Lipponer (1989) of the nonradioactive constituents of the contact-handled
(CH) TRU waste to be emplaced in the WIPP. For their inventory, they com-
piled the results of a survey, which included a detailed questionnaire, of
the waste generators and storage sites.

To obtain the total quantities of plastics and rubbers in containers and
the waste, Brush: (1) assumed that 50% of the quantity of leaded rubber
gloves (Table 3-5 of Drez and James-Lipponer, 1989) consists of Hypalon and
neoprene, and prorated the resulting value of 298,000 kg between Hypalon and
neoprene (Table 3-5); (2) assumed that the plastic prefilters (Table 3-5) are
polypropylene, as suggested by Drez and James-Lipponer (1989); (3) prorated
the polyvinyl chloride (PVC)/polyethylene drum liner bags (Table 3-8 of Drez
and James-Lipponer, 1989) between polyethylene and PVC (these plastics appear
in both Tables 3-5 and 3-8).
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The quantities estimated by Drez and James-Lipponer” (1989) are: 2,030 kg
of Conwed pads (plastic fibers), 254,000 kg of Hypalon, < 1 kg of Kalrez,
582,000 kg of latex, 287,000 kg of neoprene, 18,900 kg of Plexiglas (in-
cluding Lucite), 3,270,000 kg of polyethylene, 33,600 kg of polypropylene,
2,560 kg of polystyrene, 1,170,000 kg of PVC, 330 kg of Styrofoam, 41,000 kg
of Teflon, 133 kg of Viton, 75,500 kg of miscellaneous plastics, and 7,530 kg
of miscellaneous rubbers.

Based on these estimates, Brush calculated that the plastics and rubbers
in the WIPP inventory will consist of about: 0.04% Conwed pads (plastic
fibers), 4% Hypalon, 10% latex, 5% neoprene, 0.3% Plexiglas (including
Lucite), 60% polyethylene, 0.6% polypropylene, 0.04% polystyrene, 20% PVC,
0.006% Styrofoam, 0.7% Teflon, 0.002% Viton, 1% miscellaneous plastics, and
0.1% miscellaneous rubbers. These percentages do not add up to 100% because
Brush rounded them off to one significant figure.

Clearly, the plastics and rubbers in the WIPP inventory will consist
mainly of polyethylene and PVC. The laboratory study of the effects of «a
radiolysis on the biodegradability of plastics and rubbers will therefore
emphasize polyethylene and PVC, at least initially. If revisions of the
inventory imply that other plastics and rubbers are major constituents of the
waste, experiments with these materials may also be necessary.

5.3 REVIEW OF THE EFFECTS OF IRRADIATION OF PLASTICS

Reed (1989a) summarized reviews by Chapiro (1962), Dole and Bodily
(1967), and Charlesby (1987) of the effects of ionizing radiation on plas-
tics; his summary appears below. The studies reviewed by these authors
mainly considered the effects of B and y radiation, not a radiation. These
are both low linear-energy-transfer (low LET) forms of ionizing radiation.
Low LET radiation is useful for processing plastics, such as initiation of
polymerization of monomeric materials or alteration of the physical proper-
ties of polymeric materials, because it is highly penetrating and hence more
useful for bulk processing. The a radiation characteristic of TRU waste,
however, has a much higher LET than that of B8 and y radiation. It will
therefore penetrate much less deeply than 8 or y radiation and produce more
localized damage than observed in previous studies.

The three most important effects of ionizing radiation on plastics are:
(1) scission (fragmentation) of the main polymer chains, which lowers the
average molecular weight of the polymer; (2) cross-linking and network forma-
tion, which forms C-C bonds between adjacent polymer molecules; (3) changes
in the chemical composition of the polymer, caused by either formation of C
double bonds (decreased saturation), accompanied by the evolution of Hjy and
other gases, or the incorporation of components present in the environment
into the matrix of the polymer.

Main-chain scission can, by lowering the molecular weight of the polymer,
significantly affect its physical properties even at absorbed doses as low as
1 Mrad. Scission breaks the C-C bonds, thus decreasing molecular weight.
The removal of H atoms increases saturation and potential uptake of other
components by the polymer.
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Cross-linking is an important phenomenon in the irradiation processing of
some plastics. The formation of C-C bonds may decrease saturation and
release H2 and other gases. Although an absorbed dose of only a few Mrad can
produce detectable changes in the physical properties of plastics at room
temperature, relatively high doses (1,000 Mrad or higher) are required to
produce macroscopic effects. The amount of cross-linking produced by a given
dose is very temperature-dependent and increases rapidly above the melting
point of the plastic, typically 80 to 120°C for polyethylene and PVC.

Based on his review, Reed (1989a) concluded that the uptake of other

components by plastic is poorly understood. Increased unsaturation is
apparently an important result of radiolysis. Unsaturation releases H2 and
other gases with yields comparable to that of cross-linking. Unsaturation

promotes the uptake of components such as 02 and S by providing reaction
sites for relatively short-lived free radicals at the surface of the plastic
or relatively long-lived free radicals diffusing into the plastic.

Reed (1989a) also concluded that low-LET irradiation in aqueous and
gaseous environments affects the chemical composition and physical properties
of plastics differently, and that irradiation to the same total absorbed
dose, but at different dose rates, causes different results attributable to
variable periods of environmental interaction. Neither Bibler (1978) nor
Kosiewicz (1981) observed a dose-rate dependency for a radiolysis.

Chapiro (1962), Dole and Bodily (1967), Spinks and Woods (1976), and
Charlesby (1987) reviewed several studies of low-LET irradiation of
polyethylene (a saturated hydrocarbon), the most frequently studied plastic.
The gas produced was mainly Ho (typically > 65%), with smaller amounts of Cl
to C3 alkanes present. The G values reported for Hp, cross-linking, and
unsaturation varied from 3 to 5, 1 to 4, and 1 to 2, respectively. The units
for G values are molecules per 100 eV of absorbed energy or, in the case of
unsaturation, bonds per 100 eV, and are usually omitted. These yields depend
on the irradiation environment and the nature of the polyethylene (chemical
composition, type of plasticizer, production procedures, etc.). Irradiation
of polyethylene without plasticizer in a vacuum gave reproducible results; Hp
evolution and weight loss were the main radiolytic effects. In experiments
carried out with 07 in the gaseous phase, the polyethylene incorporated 09 at
radiolytically produced reaction sites, resulting in weight gain and the
formation of carbonyl groups in the polymer. Experiments conducted with CO2
yielded similar results.

Kosiewicz (1981l) observed that the gas produced from the a radiolysis of
polyethylene comprised 98% Hyp and reported G values of 2.6 to 3.2 for Hj.

Chapiro (1962), Dole and Bodily (1967), Spinks and Woods (1976), and
Charlesby (1987) also reviewed a few studies of low-LET irradiation of PVC (a
halogenated hydrocarbon), and concluded that irradiation of this plastic
produces mainly HCl. The G values reported for HCl varied from 0.25 to 13
and were very sensitive to the plasticizer and the extent of Cl- substitu-
tion. Large absorbed doses made PVC very hard and brittle. The dominant
process during vacuum irradiation was cross-linking accompanied by strong
discoloration. In the presence of 09 the dominant process was main-chain
scission, with much less discoloration. Although Reed (1989a) found no
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studies of irradiation of PVC in the presence of C07, he expects results
similar to those obtained with 09.

Neither Zerwekh (1979) nor Kosiewicz (1981) observed HCl in gases
released from Pu-contaminated PVC.

Studies reviewed by Spinks and Woods (1976) imply that the range of a

particles in plastics is generally a few tens of microns. This is less than
their range in air (a few centimeters) and similar to their range in aqueous
solutions. These estimates all assume energies of a few MeV for a
particles. The altered zone will actually extend beyond 10 um due to

secondary electrons and vy rays generated by interactions between the a
particles and the polymer matrix. The thickness of the plastics used in the
studies described in 5.5.1 is probably greater than the range of a particles
in these materials. Irradiation damage will fall off sharply as a function
of depth; therefore, the plastics will be inhomogeneously irradiated.
Because a relatively small volume of the samples may be affected, it may be
difficult to detect microbial activity even if irradiation actually increases
the biodegradability of these plastics. The limited range of a particles in
plastics might also limit the extent to which radiolysis increases their
biodegradability in WIPP disposal rooms.

5.4 ADDITIONAL STUDIES OF RADIOLYSIS

Although Molecke (1979) concluded that radiolytic gas production will be
relatively insignificant in WIPP disposal rooms, recent developments raise
the possibility that radiolysis could be important.

Subsequent to most of the previous studies of radiolysis carried out for
the WIPP Project, personnel at the Rocky Flats Plant (RFP) decided to compact
their newly generated waste. Compaction of previously generated waste is
also under consideration as a possible engineering modification of the WIPP
(Butcher, 1990). Even without compaction prior to emplacement, closure of
WIPP disposal rooms would compact the waste. Compaction may increase the
radiolytic gas production rate by increasing the density of the waste and the
extent to which a particles interact with it. Data exist for super compac-
tion of low-level waste (see Kroth, 1988), but not for TRU waste.

Inundation of the waste with brine may also increase the radiolytic gas
production rate. The highest radiolytic gas production rates reviewed by
Molecke (1979) occurred in sludges and resulted from the high H920 contents
of the sludges. Gray and Simonson (1984) carried out a study of a and v
radiolysis of brines at very high dose rates of 0.3 to 5 Mrad per hour. They
used their experimental results, which showed much higher Hy production rates
for a radiolysis than for 4 radiolysis, and a computer code developed by
Carver, Hanely, and Chapin (1979) to estimate an equilibrium Hg pressure of
about 300 atm at an absorbed dose of 2,000 Mrad. Because their dose rates
were so much higher than those expected for brine in WIPP disposal rooms, the
relevance of these results to the WIPP is unknown.

Finally, increased pressure caused by gas production from anoxic cor-

rosion of metals (3.1), microbial degradation of cellulosics (4.1), and
closure of WIPP disposal rooms may affect the radiolytic gas production rate.
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Kosiewicz, Barraclough, and Zerwekh (1979) studied the effects of pressure on
a radiolysis of TRU waste, but reported ambiguous results varying from a
decrease to 10% to an increase to 300% of the radiolytic gas production rate
at atmospheric pressure.

A review of the results of other investigations is under way to determine
whether additional studies are necessary to quantify the effects of waste
compaction, inundation, and pressure on the radiolytic gas production rate.

5.5 DESCRIPTION OF LABORATORY STUDIES

The objectives of these studies are to: (1) quantify the effects of «
radiolysis on the biodegradability of plastics (5.5.1); (2) determine, if the
review implies it is necessary, the effects of waste compaction and inunda-
tion on the radiolytic gas production rate (5.5.2).

D. T. Reed of Argonne National Laboratory (ANL) and D. Grbic-Galic of
Stanford University are quantifying the effects of a radiolysis on the
biodegradability of plastics (5.5.1).

S. T. Kosiewicz of Los Alamos National Laboratory and Reed are reviewing
other work to determine if additional studies of radiolysis are necessary
(5.4). 1If so, Reed will carry out these studies (5.5.2).

5.5.1 Quantification of the Effects of a Radiolysis on the Biodegradability
of Plastics

Reed 1is irradiating samples of plastics with a particles for this study
(5.5.1.1). After irradiation, Grbic-Galic will use the bioassay procedure
described in 4.4.1 and 5.5.1.2 to determine whether a radiolysis increases
the biodegradability of these materials.

5.5.1.1 TIRRADIATION OF PLASTICS

Reed is irradiating samples of polyethylene and PVC under humid and
inundated conditions at 30°C and pressures of about 1 atm for periods of 12
weeks. These irradiations and subsequent bioassays (5.5.1.2) are short-term
or scoping experiments. The objective of these short-term experiments is to
evaluate the procedures for the irradiations and bioassays as quickly as
possible. The duration of these experiments places severe constraints on the
maximum absorbed dose attainable. After completion of these initial irradia-
tions and bioassays, Reed may carry out longer irradiations with samples of
the same materials. If so, Brush will describe these studies in detail
later.

Reed (1989b) completed initial development of equipment and procedures
for short-term irradiations of polyethylene and PVC. The objectives of this
work were to: (1) construct environmental control boxes and sample and
source holders; (2) adapt the gaseous-phase dosimetry used at ANL for other
applications to conditions relevant to these experiments; (3) determine the
extent of a contamination of plastics during irradiation (Stanford
University specifies very low levels of a-contamination for these samples.)
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The containers for the short-term irradiations are 8-L (20-by-20-by-
20-cm) polypropylene boxes with clear plastic lids attached with screws and
sealed with O-rings placed in grooves in the boxes. The lids have two ports,
one fitted with a valve for gas inlet and outlet tubes, the other with a
septum for sampling gas with a 10-ml syringe during the experiments.

The effects of a irradiation on plastics depend on factors such as the
chemical composition of the sample, quantity and type of plasticizer, and
production procedures (5.3). To ensure that the samples used for this study
are representative of the plastics to be emplaced in the WIPP (5.2), Brush
requested samples of polyethylene and PVC from Bearly and Detamore at the RFP
in Golden, Co. (RFP is the largest generator of TRU waste.) Bearly and
Detamore provided the following uncontaminated samples of plastics used by
RFP for packaging TRU waste: (1) three lids from 90-mil, polyethylene drum
liners (the liners themselves were larger and more difficult to ship than the
lids); (2) one folded sheet of the material used to fabricate round-bottom,
10-mil polyethylene drum liners; (3) one folded sheet of the material used
to fabricate 5-mil, polyethylene drum liners; (4) one folded sheet of the
material used to fabricate 10-mil, PVC O-ring bags. After inspection of
these materials at ANL, Reed concluded that the lids from the drum liners
were unsuitable for his experiments because the rough surfaces of these
materials (variations of + 1 cm over distances of several centimeters)
precludes an even spacing between the samples and the a sources in the foil-
sample assemblies with a gap (see below). To reduce the number of irradia-
tions, he selected one type of polyethylene (the 10-mil polyethylene sheet),
and is irradiating samples of this material along with samples of the 10-mil
PVC sheet.

Prior to irradiation, Reed prepares the samples of polyethylene and PVC
by cutting them into squares with a surface area slightly in excess of
25 cm2. Based on the expected range of a particles in these plastics (5.3),
Reed (personal communication) estimated that a sample size of 25 cm? is
necessary to ensure that a particles penetrate about 10 mg of these
plastics. This would provide enough substrate for triplicate bioassays and
one blank with 2.5 mg of substrate per sample, the minimum required for the
detection of microbially produced gas during the bioassays described in
5.5.1.2 (Grbic-Galic, personal communication). The masses of these
polyethylene and PVC samples are 1 to 1.5 g and 3 to 3.5 g, respectively.
Reed cleans them by rinsing in acetone, methanol, then high-purity H3O0,
weighs them to five significant figures, and marks them with the experiment
number. After cleaning, he handles them with tongs to avoid possible
contamination with finger grease, which might serve as substrate for
microorganisms during the bioassays.

The a sources for the short-term irradiations are commercially produced
foils with various levels of a activity from either 241am or 210po.  The
dimensions of these foils are 6.1 by 6.1 by 0.02 cm; the active area is 5.1
by 5.1 cm. They are surrounded by seals with a width of 0.5 cm. The maximum
activities of 24lam and 210po are 1,500 and 9,000 uCi per in2, respectively.
Additional foils contain 75, 50, and 25% of these maximum activities.

The foils consist of a five-layer composite bonded to a layer of plastic
with a thickness of 0.125 in. The layers consist of a thin backing of
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metallic Ag, a layer of metallic Au, the radionuclide (incorporated using a
proprietary powder metallurgy process), and two additional layers of Au.
For durability, the manufacturer bonds the foils to a layer of Lucite with
dimensions of 9.5 by 7.6 by 0.3 cm. Despite the Lucite backing, the foils
are very fragile and susceptible to damage by abrasion, bending, shearing,
etc. The manufacturer seals, surveys, and certifies the foils for leakage of
radionuclides.

Reed uses two types of foil-sample assemblies for the short-term irradia-
tions. In one type of assembly, the foil is in direct contact with the
sample of polyethylene or PVC to be irradiated. In the other type, there is
either a 3-mm or a 2-cm gap between the foil and the plastic.

Reed prepares the foil-sample assemblies without a gap by placing a
sample of polyethylene or PVC on the foil, covering the sample with a piece
of Lucite with the same areal dimensions, and clamping the assembly together
with plastic clamps on two of its edges. The use of this additional layer of
Lucite further increases the durability of the assembly. For irradiations
under inundated conditions, he wets the surface of the foil with brine prior
to placing the polyethylene or PVC on it.

To prepare the foil-sample assemblies with a gap, Reed places the sample
of polyethylene or PVC on a piece of Lucite. In these assemblies, the sample
extends beyond two of the edges of the Lucite. Next, he places plastic
spacers with a width of 6 mm and a thickness of 3 mm or 2 cm on the over-
hanging edges of the sample to maintain a gap between the foil and the
sample. These spacers span the entire length of the edges, but do not touch
the active area of the foils. He then aligns the foil on the spacers and
clamps one of the edges with a spacer. Finally, he draws the sample as
tightly as possible to ensure a constant gap and clamps the other edge.

After preparation of the foil-sample assemblies, Reed places them in a
plastic holder, puts the holder into the containers, seals the containers,
flushes them with one of the two gases described below, and samples the gas
for analysis of its initial composition by gas chromatography.

Because environmental conditions could affect the nature and extent of
the effects of a irradiation (5.3), Reed irradiates samples of polyethylene
and PVC under both humid and inundated conditions. To establish humid condi-
tions, he pours about 50 ml of brine into the containers to saturate the gas
with H20 vapor, but does not immerse the foil-sample assemblies. He uses
Salado-Fm. brine collected from G Seep in the WIPP underground workings
(2.3.1.2) for all of the short-term irradiations, and gases with two dif-
ferent compositions for the humid experiments. Because quantitative pre-
diction of the proportions of the gases in WIPP disposal rooms is still
unfeasible, Brush arbitrarily specified two gas compositions for these
experiments. One of these gases consists of 10% CO2 and 90% N7, and simu-
lates a microenvironment free of Hp and 0. The other consists of 6.25% CO3,
2.50% Hp, 1.25% 02, and 90% N7, and simulates a microenvironment in which
radiolytic decomposition of H20 has produced stoichiometric proportions of Hj
and 0. Because safety regulations at ANL limit the concentration of Hp to
2.5%, the stoichiometrically related proportion of Oy is 1.25%, and the con-
centration of CO) required to maintain a 90%-Nj-10%-other-gases mixture is
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6.25%. Reed uses commercially available, certified mixtures for both of
these gases and verifies their composition prior to use. To simulate inun-
dated conditions, he adds enough brine to immerse the foil-sample assemblies
and bubbles the gas consisting of 6.25% COp, 2.50% Hp, 1.25% 0Oy, and 90% Njp
through the brine for 20 minutes prior to sealing the containers.

Reed irradiates seven samples of polyethylene and seven samples of PVC in
each of the two gases described above under humid conditions, or a total
of 28 samples under humid conditions. For these irradiations, he wuses
210po-bearing foils because they have a higher maximum activity than the
241pm-bearing foils, and because the contamination observed with
210po-bearing foils under inundated conditions is not a problem in these
humid experiments. One sample of each material is in direct contact with a
foil with the maximum activity in each of the two gases to provide informa-
tion on the effects of irradiation with minimal interactions with the gas and
its radiolysis products. Four samples of each material are separated by a
gap of 3 mm from foils with 100, 75, 50, and 25% of the maximum activity in
each of the two gases to study the simultaneous effects of irradiation and
interactions with the gas and its radiolysis products. After attenuation by
two surficial layers of Au on the foils, the average energy of a particles
from 210po-bearing foils is about 3.9 MeV; their range in these gases is
about 2.4 + 0.2 cm. One sample of each material is separated by a gap of
2 cm from a foil with the maximum activity in each of the two gases to study
the effects of interactions with the gas and its radiolysis products with
minimal irradiation of the plastics (< 5% of the dose absorbed by samples in
direct contact with the 21 Po-bearing foils). Finally, one sample of each
material without a foil is well out of range of a particles in each of the
two gases to study the effects of interactions with gas and its radiolysis
products in the absence of any irradiation of the plastics. Although any
effects of gaseous radiolysis products on the last two samples will probably
be small, these conditions also simulate those expected for WIPP disposal
rooms, in which radionuclides will probably not be in direct contact with
plastics in most cases.

Reed irradiates six samples of polyethylene and six samples of PVC in
brine, or a total of 12 samples under inundated conditions. For these
irradiations, he uses 24lam-bearing foils because the a particles they emit
have a longer range than those emitted by 21OPo-bearing foils. The average
energy of a particles from 210po-bearing foils, after attenuation, is about
4.8 MeV. Furthermore, the contamination from 2%4lam-bearing foils under
inundated conditions is less of a problem than that from 210po-bearing foils.
Four samples of each material are in direct contact with foils with 100, 75,
50, and 25% of the maximum activity to provide information on the effects of
irradiation with minimal interactions with the brine and its radiolysis
products. Actually, there is a thin film of brine between the samples and
the foils. One sample of each material is separated by a gap of 3 mm from a
foil with the maximum activity to study the effects of interactions with the
brine and its radiolysis products in the absence of any irradiation of the

plastics. The effects of aqueous radiolysis products on this sample may be
small, but this experiment is necessary to simulate cases in which radio-
nuclides are not in direct contact with plastics. Finally, one sample of

each material without a foil is well out of the range of a particles and
radiolysis products from the brine to study the effects of interactions with
unirradiated brine.
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Reed irradiates these samples for periods of 12 weeks. He does not
control the temperature during these irradiations, but does monitor it
occasionally. Self-heating generally maintains the temperature within the
containers at about 26 or 27°C. After periods of 2, 4, 8, and 12 weeks, he
samples about 5 to 10 ml of gas for analysis.

Reed (1989b) extended the gaseous-phase dosimetry used at ANL for other
studies to conditions expected for these experiments by: (1) establishing
that existing dosimeters for B and vy radiation are also applicable to a
radiation; (2) developing a procedure to measure the dose rates of the 241pm-
and 21OPo-bearing foils used for the short-term irradiations; (3) estab-
lishing a method to determine the doses absorbed by the dosimeter gases and,
after correction for molecular weight, those absorbed by the test gases.
Subtraction of the doses absorbed by the test gases from those emitted by the
a sources yields the doses absorbed by the plastics. Because he assumes
that all of the energy will be deposited in the plastics in those assemblies
with no gap between the foils and the samples, and none of it will be
deposited in the inundated experiments with assemblies with a gap, the third
objective applies to humid experiments with a gap.

Most investigators use pure ethylene or N90 at measured pressures of
about 1 atm for gaseous-phase dosimetry. Ionizing radiation decomposes
ethylene and N0 by the reactions:

15.5 CZH4 - 0.12 CH4 + 1.46 C2H2 + 1.28 H2 + 14 other C species; (5.1)

N20 - N2 + NO2 + O2 + various other species. (5.2)

For both B and y radiation, the production of H9p from Reaction 5.1 is
linear with absorbed dose in the range 0.5 to 20 Mrad with a G value of 1.35.
The Ny yield from Reaction 5.2 is linear with dose in the range 0.05 to
20 Mrad with a G value of 10. ANL personnel have used N20 as a dosimeter for
other studies.

Reed (1989b) carried out experiments with both of these dosimeters to
estimate the doses absorbed from the a sources and to determine whether the
yields for these dosimeters are linear with dose. The H)p yield was linear up
to an effective dose of 6 Mrad. This was within the recommended range of the
dosimeter gas. Reed uses the term "effective" because irradiation is inhomo-
geneous. The effective dose is the dose absorbed by the entire volume of the
dosimeter gas. The dose absorbed by gas near the foils is significantly
higher. The Ny yield was linear up to an effective dose of 6.4 Mrad. This
exceeds the recommended limit for this dosimeter by about a factor of 3. The
yield for the N0 dosimeter is higher than that of ethylene, but the inter-
cept of the linear plot of the irradiation time versus its yield can be dis-
placed significantly from O by the presence of residual air in the container.
This error leads to overestimates of the dose. The ethylene dosimeter is
less sensitive to contamination than N70, has a lower yield than N0 (re-
quiring longer exposure times), and is susceptible to errors caused by the
presence of Hj, which may be produced by the radiolytic decomposition of the
samples. Therefore, he will rely mainly on the ethylene dosimeter during the
short-term irradiations, but may also use the N9O dosimeter.
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Reed carries out gaseous-phase dosimetry on the foils with and without
plastics in place to determine both the doses absorbed by the gas and those
absorbed by the plastics. Because deposition of organic radiolysis products
from the dosimeter gases on the foils or the plastics co