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EXECUTIVE SUMMARY

This report summarizes the current understanding of the expected long-term
behavior of the Waste Isolation Pilot Plant (WIPP) repository and estimates
long-term radionuclide doses in a series of six analyses investigating both
undisturbed repository performance (Case I) and performance in response to a
relatively high-consequence human intrusion (Case II). It is the result of an
intensive effort over a short time. The U.S. Department of Energy (DOE)
decided to have Sandia National Laboratories prepare this report as a result
of a meeting held January 5, 1989. The conceptual model of the expected long-
term behavior of the WIPP repository used in this report was formulated in
early to mid January 1989, drawing on information and understanding developed
over the past decade. Numerical modeling of ground-water flow, radionuclide
transport, and doses to humans began January 20, 1989 and was completed
March 20, 1989.

The report has several objectives:
1. To briefly summarize Sandia’s current technical understanding of the major

components of long-term performance of the WIPP repository. The following

areas are specifically addressed:

[+

the hydrology and geochemistry of the Salado Formation (Fm.), Rustler
Fm., Dewey Lake Red Beds, and Bell Canyon Fm.;

b. the hydraulic characteristics of a pressurized brine reservoir
assumed, on the basis of geophysical studies and nearby drillhole
testing, to be present within fractured anhydrite of the Castile Fm.

beneath a portion of the underground workings;

c. the expected waste-entombment behavior of rooms and panels, including

structural, gas-generation, and brine-inflow effects;

d. the expected behavior of the sealing system;

e
e
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e. the expected properties and durability of borehole plugs assumed to be
emplaced after penetration of the repository by hydrocarbon-

exploration drilling;

f. radionuclide-transport mechanisms ‘and properties of the Culebra
Dolomite, the major pathway for ground-water transport of
radionuclides from the WIPP to the biosphere.

2. To compare the current coriceptual and numerical models in the technieal
areas listed above with those available at the time of the WIPP Final
Envirommental Impact Statement (FEIS) (DOE, 1980a).

3. To document the parameter values now thought to be "representative" or
"most likely" for use in numerical predictions of the long-term behavior
of the repository. Where possible, the uncertainties in both data and

resulting calculated long-term behavior of the repository are discussed.

4, To describe, document, and interpret six sets of calculations estimating
the potential health effects to individuzls résulting from emplacement of
CH-TRU wastes in the WIPP, hydrologic saturation of the repository as a
result of either natural processes cr human intrusion, direct and indirect
exposure during and after drilling {(where appropriate), and ground-water
transport of radionuclides to a hypothetical stock well south of the WIPP
site. ' .

The calculations presented here investigate radionuclide transport and
resulting health effects both during undisturbed performance of the WIPP
repository and in respomse to a relatively high-consequence human intrusion
into the repository. The bamman intrusion considered is drilling that results
in a long-term interconnection of the repository, an underlying brine
reservoir in the Castile FPm., and the overlying Culebra Dolomite. The Culebra
Dolomite provides a‘rélatively permesble pathway for ground-water transport of

radionuclides to the hypothetical stock well.

This report compiles the results of ongoing evaluation of several areas of

long-term performance of the WIPP repository. The understanding of factors




that affect long-term performance has changed in major ways since 1980.

Several examples of these changes in understanding are described below.

1. It is now recognized that the Salado Fm., consisting of layered halites
with numerous anhydrite and clay marker beds, 'is probably hydraulically
saturated, with very low effective permeability in undisturbed fegions.
At the time of the WIPP FEIS, the Salado Fm. was thought to be
hydraulically unsaturated, with sufficient gas permeability to dissipate
any gases that might be generated by emplaced waste. Thus, the estimated
far-field permeability of the Salado Fm. has decreased significantly since

the time of the WIPP FEIS.

2. Current estimates of total gas-generation capacities resulting from
degradation of emplaced waste and containers are smaller than similar
estimates in the FEIS. The expected gas-generation potential dominated by
microbial activity 1is significantly less (~600 moles/drum versus 2,000
moles/drum), but' the expected gas generation by corrosion of drums and
metallic wastes is greater (~900 moles/drum versus approximately zero).
Gas-generation rates, total volume of gas generated, and the time periods
over which gas generation might occur are currently uncertain and depend
on the interaction of gas generation, brine inflow, and structural

behavior of the repository.

3. The combination of somewhat reduced gas volumes from waste degradation‘and
greatly decreased far-field permeability leads to the conclusion that the
expected condition of the WIPP repository for a currently undefined period
of time following closure will be dominated by gas at elevated pressure,
with little or no free brine within the workings. Brine inflow during
early stages of closure (i.e., before gas pressure builds up) will be less
than the sorbing capacity of the design-basis salt/bentonite backfill.
Room humidity is expected to be buffered between 60 and 70% relative °
humidity, in equilibrium with halite. Because of the limited brine
permeability of the Salado Fm., it is possible that, in the absence of
human intrusion, brine saturation of the WIPP may not occur within 10,000

years.




The volumes of gas potentially generated, even in. the absence of free
brine, may exceed the gas-storage capacity of the waste-emplacement rooms
at their final state of closure under lithostatic pressure. Four possible
locations or mechanisms for gas storage or relief of pressures are
considered here: (1) expansion of the rooms, after closure, to something
less than their original volume; (2) generation of a secondary zone of
increased porosity due to fracturing around the waste-emplacement rooms,
or gas storage in an incompletely removed disturbed-rock zone similar to
that now known to exist around rooms during closure; (3) migration of gas
along open fractures both within Marker Bed 139 (which underlies the
waste-emplacement rooms and develops open fractures in response to
excavation) and perhaps within stratigraphic contacts at and near the
repository horizon; and (4) following transport through Marker Bed 139,
migration of gas into the shafts and adjacent marker beds. It 1Is not now
possible to evaluate definitively the likelihood of the various gas
storage and relief mechanisms; however, no dramatic consequence 1is
expected. At the time of the FEIS, gas préssurization of the repository
was examined and dismissed, because the far-field Salado permeability was
thought to be sufficient to dissipate any gases that might be generated

within the repository.

Because Castile brine is known to be present in hole WIPP-12 (one mile
north of the center of the WIPP site) and is interpreted on the basis of
geophysical studies to extend to the south, pressurized brine is assumed
here to be present within the upper anhydrite of the Castile Fm. beneath a
portion of the WIPP waste-emplacement panels. The properties of this
brine reservoir are assumed to be the same as those interpreted from
hydrologic testing of the WIPP-12 reservoir. The assumed Castile brine is
of concern only in the event of human intrusion. The response of the
overall containment system to penetration of a hypothetical brine pocket
within the Salado Fm. was qualitatively evaluated in the FEIS, but no

detailed calculations were performed.

In calculations of the WIPP response to human intrusion by a hydrocarbon-
exploration borehole connecting an assumed Castile brine reservoir, the

repository, the Culebra Dolomite, and the land surface, the results are




sensitive to assumptions about borehole plugging. It is assumed here that
the borehole is plugged in accordance with current State of New Mexiéo
regulations and that the permeability of the borehole plug increases to a
constant value as the plug degrades, beginning 75 years after emplacement.
Plugging of industry boreholes (as opposed to boreholes drilled by the
WIPP Project) was not specifically addressed in the Eglg.

As in the FEIS, the Culebra Dolomite Member of the Rustler Fm. 1is
considered to be the main pathway for ground-water transport. For
purposes of modeling in the FEIS, the Rustler Fm. was assumed to behave as
a porous medium for both ground-water flow and radionuclide transport, and
the Culebra and Magenta Dolomites were combined as a single "Rustler
aquifer." Available data and models now indicate that flow and transport
within the Culebra Dolomite are affected by the presence of fractures over
distances that vary with the interpreted Culebra properties and may be as
great as a few kilometers. Both the time periods and the distances over
which radionuclide transport is evaluated in' this report differ from those
considered in the WIPP FEIS. In the FEIS, the major emphasis was on
evaluating ground-water transport to Malaga Bend on the Pecos River, ~26
km southwest of the center of the WIPP site. The emphasis here is on
‘evaluating radionuclide transport to a much mnearer location, a
hypothetical Culebra stock well ~6 km south of the center of the site. In
the FEIS, transport and dose calculations were extended well beyond one
million years. In this report, because of the awareness that transport
and dose calculations beyond 10,000 years are meaningless, calculations
are extended to 10,000 years only. However, where appropriate, behavior

beyond this time period is discussed qualitatively.

.Evaluation of the performance of the WIPP repository under undisturbed

conditions indicates that no radionuclides will be transported either to the

Culebra Dolomite or to the land surface within 10,000 years. The calculations

include both expected behavior (Case IA) and behavior in which radionuclide

solubility and repository-seal permeability are increased from expected values

(Case IB). These calculations assume both that the repository is saturated

with brine 2,000 years after closure and that any migration or release of

gases prior to this time does not affect the subsequent permeability of the
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repository sealing system by more than two orders of magnitude. It is
possible that the time period over which gas dominates undisturbed repository
performance will exceed 2,000 years; if so, these calculations may be very
conservative. No calculations of undisturbed performance were included in the

FEIS.

Four sets of calculations presented here (Cases IIA through IID) examine
the long-term (10,000-year) response of the WIPP to a human intrusion
involving an underlying reservoir of pressurized brine within the Castile Fnm.
Both direct release to the surface and doses to a hypothetical farm family
living 500 m downwind of the intrusion hole are calculated to be very low for

Case 1I.

Case I1IA assumes “"expected" or "representative" charadteristics for the
repository, the breaching well, and the Culebra Dolomite. Critical variables
include radionuclide solubility, waste permeability, borehole permeability,
and transport properties within the Culebra Dolomite (matrix porosity,
fracture spacing, matrix tortuosity, free-water diffusivity of radionuclides,
and radionuclide distribution coefficient, Kg). The waste permeability enters
directly inteo these ecalculations only to the extent that the assigned
permeability for Cases IIA and IIC (10-13 m2) is assumed to allow mixing of
Castile brine near the borehole, sufficient for these brines to reach the same
radionuclide concentration as already exists within the repository. Thus, the
radionuclide source term to the Culebra Dolomite for Cases ITA and IIC results
from contamination of the entire Castile-brine and Salado-brine volumes by a
full complement of radionuclides. For Case IIA, radium-226 is the only
 radionuclide reaching the stock well in any significant quantity in 10,000
years. The calculated 50-year dose commitment from one year of eating

contaminated beef is 2.1 x 10-% mrem for Case IIA at 10,000 years.

Case IIB assumes that waste emplaced at WIPP is compacted prior to
emplacement, and that waste compaction reduces permeability sufficiently to
prevent significant mixing of Castile brine within the repository. Thus, the
only radionuclide source term into the Culebra Dolomite results from the flow
of contaminated Salado brine to the borehole; the Castile brine mérely acts as

a carrier. If "expected" transport properties were assumed for Case IIB, the
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resulting doses at 10,000 years would be reduced from the already extremely

low values calculated in Case IIA.

Therefore, Case IIB assumes that, other than the elimination of brine
circulation within the repository, flow and transport properties in the
repository and geosphere are degraded. Specifically, radionuclide solubility
is increased by two orders of magnitude, and borehole-plug permeability is
increased by one order of magnitude. Analogous changes are made in the model
of the Culebra Dolomite, which decrease the effectiveness of radionuclide
retardation and increase the importance of fracture flow; i.e., matrix
porosity, matrix tortuosity, free-water diffusivity, and distribution

coefficients (Kgs) are all decreased, and fracture spacing is increased.

This combination of changes results in increased flow and transport within
the Culebra Dolomite and in significant concentrations at the hypothetical
Culebra stock well in less than 10,000 years. For this degraded-parameter
case, first arrival of uranium at the stock well is calculated to occur in
slightly more than 100 years. The maximum whole-body 50-year dose commitment
from one year of beef ingestion is estimated to be 72 mrem in Case IIB,

occurring 10,000 years after repository decommissioning.

Because of the mix of assumptions used, it is not possible in Case IIB to
isolate the benefits of waste compaction. Therefore, Case IIC assumes the
same flow and transport behavior outside the repository as Case IIB, but also
assumes sufficient waste permeability to allow brine mixing within the
repository. Thus, the differences between Case IIA and Case IIC are that
radionuclide solubilities and flow and transport behavior outside the
repository have been degraded in Case IIC and that brines are assumed to mix
within the repository. - As a result of the higher radionuclide input into the
Culebra Dolomite, arrival time at the stock well is decreased slightly
relative to results from Case IIB, from slightly >100 years to slightly <100
years. The maximum whole-body 50-year dose commitment from one year of beef
ingestion is estimated to be 130 mrem in Case IIC, occurring ~1,350 years

after repository decommissioning.




The ranges of radionuclide solubilities and flow and transport properties
both within and outside the repository used in this report are based on
incomplete data. The primary focus of research during the demonstration phase
of the WIPP Project is to decrease the uncertainties in parameters important
to long-term performance of the WIPP. However, the results of this research
cannot be prejudged. Therefore, Case IID was run to examine the potential
benefits that might be gained from engineering modification .of the WIPP waste
and backfill. This case assumes the same radionuclide solubilities as for
Case ITIA, but also assumes that permeability within the repository is reduced
sufficiently to (1) eliminate mixing of Castile brines; and (2) limit the
brine inflow from the Salado Fm. in such a way that the effective inflow is
from a single room (0.1 m3/year), rather than from an entire waste-emplacement
panel (1.3 m3/year), as assumed in Cases IIA through IIC. Flow and transport
properties outside the repository are degraded in Case IID to the same values

used in Cases IIB and IIC.

The results of Case IID indicate that, because of the assumed flow and
transport properties outside the repository, first arrival of radionuclides at
the hypothetical stock well is only slightly slower than in Case IIB,. i.e.,
between 100 and 200 years; However, the peak concentrations and hence peak
doses for Case IID are reduced from those calculated in Case IIB by two to
three orders of magnitude. The maximum whole-body 50-year dose commitment
from one year of beef ingestion is estimated to be 0.9 mrem in Case IID,

occurring 10,000 years after repository decommissioning.
Thus, the calculations presented here indicate several things:

1. Undisturbed performance of the WIPP 1is not expected to result in any
release of radionuclides either to the Culebra Dolomite or to the surface
in well over 10,000 years, even assuming incregsed radionuclide
solubilities and degraded flow and transport properties in the WIPP drifts

and shafts.

2. If the "expected" or "representative" properties of waste, backfill,
borehole plugs, and the Culebra Dolomite are supported by results obtained

during the WIPP demonstration phase, the result will be a high degree of



confidence that the WIPP will be able to demonstrate compliance with
applicable regulatory guidelines at the end of the WIPP performance

assessment.

3. If the final estimates of the properties of waste, backfill, borehole
plugs, and the Culebra are significantly "worse" than those properties
concluded to be "expected" here, and if no significant modification is
made to waste or backfill, significant releases to the hypothetical stock

well might result.

4, 1f, however, the final estimates of the properties of waste, backfill, -
borehole plugs, and the Culebra are significantly "worse"™ than those
properties concluded to be "expected" here it should be possible to gain a
high degree of confidence in long-term repository performance by
completing engineering modifications of the waste and backfill. At this

time, it is not clear whether such modifications will be required.

The effort in this report to estimate the overall uncertainties about
several areas of the long-term performance of the WIPP is a major step
forward. The calculations in this report are based largely on data collected
since the time of the FEIS. In some areas, however, required data remain
either non-existent or highly uncertain. In most of these areas (e.g., gas
generation rates under realistic conditions), great reduction in uncertainty
is expected during the demonstration phase at the WIPP. In some areas,
however, qualitative reduction in uncertainties as a result of reasonable
amounts of additional work is not probable. For example, flow and transport
behavior within the Culebra Dolomite has been the subject of intense effort
over approximately the last five years. The preliminary indication is that,
with the excéption of additional boreholes in the region of the -offsite
pathways to reduce travel-time uncertainties, additional field work will not
eliminate the existing uncertainties. Expert judgment will be used, even in

the final WIPP performance assessment, to evaluate data uncertainties.

The results presented in this report reflect an approach that is distinct
in two main ways from that which will be taken in WIPP performance assessment.

First, the calculations presented here are deterministic (i.e., they assume a




probability of 1.0 for each calculation). This approach is physically
unrealistic; in fact, the results calculated here are mutually exclusive,
because each calculation assumes different repository and geosphere
characteristics. Second, no calculation of 10,000-year doses from
radionuclide transport or of doses following human intrusion are required by
40 CFR 191. Thus, the results of the calculations in this report are not
intended to be directly compared with the performance standard in 40 CFR 191.
Probabilistic calculations, which assign numerical probabilities to important
input data and to each of several scenarios, will be conducted during the next
four years as part of WIPP performance assessment and will culminate in a

comparison with 40 CFR 191.
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1.0 INTRODUCTION, OBJECTIVES, AND SUMMARY OF RESULTS

1.1 Introduction and Objectives

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico (Figure
1-1) is designed for the receipt, handling, storage, and disposal of defense-
generated transuranic (TRU) wastes. The WIPP underground workings <(Figure
1-2) are currently being constructed at a depth of ~655 m (2,150 ft) in bedded

halites in the lower portion of the Salado Formation (Fm.) (Figure 1-3).

The U.S. Environmental Protection Agency (EPA) has determined that the
safe disposal of TRU wastes requires effective isoclation of the waste from the
accessible environment for thousands of years. The EPA has developed a
standard for the performance of nuclear-waste repositories (40 CFR 191; EPA,
1985) that regulates the performance of a proposed repository on time scales

that, in some cases, extend to 10,000 years. Although 40 CFR 191 Subpart B

has been remanded to the EPA by the United States Court of Appeals for the
First Circuit (Natural Resources Defense Council v. U.S. Environmental
Protection Agency, 824 F.2d 1258 (lst Cir. 1987)), the WIPP Project will
continue to respond to 40 _CFR 191 as first promulgated until a new standard is
in place (U.S. Department of‘Energy [DOE] and State of New Mexico, 1981, as
amended 1987).

A nuclear-waste repository will have an wunavoidable impact on the
environment in which it is placed, even in the absence of human intrusion
after decommissioning. Additional environmental impact and health effects may
result from such human intrusion. Both unavoidable environmental impacts of
the WIPP and. potential radionuclide doses to individuals as a result of
expected operations and human intrusion were considered in the WIPP Final

Environmental Impact Statement (FEIS; DOE, 1980a).

In the nine years since the WIPP_FEIS was written, there has been major
growth in the understanding of the geologic and hydrologic behavior of the

WIPP site (e.g., Lappin, 1988) and of the Salado Fm. adjacent to the WIPP
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underground workings (e.g., Tyler et al., 1988) (Table 1-1). Neither Lappin
nor Tyler et al., however, directly considered the possible effects of new
information and conceptual models on the long-term performance of the WIPP,
nor did they consider the behavior of some features critical to long-term
performance, such as the emplacement of borehole plugs in later exploration

holes {that might penetrate the WIPP.

Partly in response to the qualitative changes in the understanding of the
expected behavior of the WIPP repository, the DOE decided in 1988 to prepare a
Supplemental Environmental Impact Statement (SEIS) for the WIPP. The WIPP
SEIS will specifically address those areas in which the conceptual, numerical,

and regulatory understanding of the expected behavior of the WIPP repository

have siignificantly improved since the WIPP FEIS was prepared.

This report has several objectivés. First, it briefly summarizes Sandia’'s
current technical understanding of in-situ behavior affecting the prediction
of long-term performance of the WIPP repository. The following topics are
included: (1) the hydrology and geochemistry of the Salado Fm., Rustler Fm.,
Dewey Lake Red Beds, and Bell Canyon Fm.; (2) the hydrology of brine assumed
to be present within fractured anhydrite of the Castile Fm. beneath the
repository; (3) the expected overall structural, gas-generation, and brine-
inflow behavior of rooms or panels, filled with either as-designed or modified
WIPP waste and backfill; (4) the expected design and behavior of the sealing
system; and (5) the expected properties and durability of borehole plugs
assumed to be emplaced after penetration of the repository during future
hydrocarbon exploration. The locations of boreholes specifically named in the

text are shown in Figure 1-4.

Second, this report compares the current conceptual and numerical models
in the technical areas listed above with those available at the time of the
WIPP FEIS (DOE, 1980a) (Table 1-1). Some changes in conceptual and numerical
models may have minor Impact on the expected behavior of the repository, even
in 10,000 years. Other changes, such as the relationship between gas
generation within the repository and far-field permeability of the Salado Fm.,

suggest qualitatively different behavior than was expected at the time of the
WIPP FEIS.
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at and near the WIPP site (Siegel,
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Performance

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Table 1-1. Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Salado Brine Flow and Brine Permeability

"The Salado acts hydrologically as a confining bed,
and does not contain circulating groundwater" (p.
7-87). In effect, it was assumed at this time that
brine was present only in fluid inclusions and
hydrous minerals.

"From experimental data, the total volume of.fluid
drawn to any canister can be estimated crudely; it
may lie between 0.1 and 20 liters, with 0.1 liter
more likely" (p. 9-158). Brine flow was interpreted
to result only from thermal gradients resulting from
emplacement of heat-producing wastes.

Because the FEIS concluded that the Salado Fm. did
not contain circulating ground water, the question of
far-field brine permeability was not considered
further.

a.

Grain-boundary brines are compositionally distinct
from fluid inclusions; Salado Fm. probably is
hydrologically saturated (Section 3.2.1). C

Major contribution is flow of grain-boundary fluids
as a result of pore-pressure gradients resulting from
excavation; experimental results to date modeled
assuming Darcy flow, which implies non-zero long-term
inflow; uncertainties arising from possible
stratigraphic effects, two-phase flow, and non-Darcy
flow are not yet quantified. Darcy-flow model
probably overpredicts brine inflow (Section 3.2.1),
but still indicates that early brine saturation is
highly improbable (Section 4.10.1); brine saturation
is ultimately expected.

Far-field brine permeability is probably <10-20 to
10-21 w2 and may be effectively zero in undisturbed
region (see above).
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Table 1-1.

Performance (continued)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Salado Gas Permeability and Gas-Storage Properties

Although no specific far-field permeability was
assigned, parametric studies indicated that Salado
gas permeability appeared to be sufficient to
dissipate the volumes of gas potentially generated by
waste.

"According to initial estimates ... there is little
possibility of repository failure from
overpressurization at gas-generation rates of less
than 5 moles per year per drum. Since these
conclusions depend on the gas permeability and the
mechanical properties of the repository medium, they
will be subject to some revision when data are
available from the actual underground workings"
(p. 9-156).

Far-field permeability is probably <10-20 to
10-21 2, and grain-boundary brines pressurized to
between hydrostatic -and lithostatic pressure;
because gases would have to displace these brines,
dissipating any significant volumes of gas generated
within the repository (Section 3.2.1) would be very
difficult.

Combination of gas-generation rates (Section 4.2) and
very low far-field permeability will probably result
in gas pressures exceeding lithostatic load unless
they are relieved by (1) room re-expansion; (2) gas
storage 1in disturbed-rock 2zone adjacent to
repository; (3) gas storage within Marker Bed 139 and
along other stratigraphic contacts near the
repository horizon; (4) a combination of gas
migration up shafts and into adjacent marker beds

. (Section 4.10); or (5) engineering modification of

the waste or backfill, Marker Bed 139 will be a
relatively high-permeability path directly wunder
excavations, except for seal locations, because of

the development of open fractures (Sections 4.9,
6.0). ’
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Table 1-1. Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term
Performance (continued) ’

Assumptions and Treatment
IanIPP FEIS (DOE, 1980a) Present Understanding and Potential Impact

Salado Brine Geochemistry

a. Although only one analysis of Salado brine was a. Considerable variability of Salado brines has been
included in the FEIS (a mine seep in the Duval mine, found (Section 3.2.2). "Standard" brine identified is
Table 7-19, p. 7-93), WIPP Brines "A" and "B" were similar to FEIS brine B, but less rich in K and Mg,
defined for experimental purposes in other work higher in Na, Cl, and B (Table 3-4); brine standard
conducted during the same period. Brine A is K and defined appears to be near saturation with respect to
Mg-rich; Brine B is a high-NaCl brine. anhydrite, gypsum, and halite; brines collected

within WIPP underground workings often evolve gas,
thought to be mainly Nj.

Radionuciide Solubility in Salado Brines

a. The FEIS assumed congruent dissolution of salt and a. A wide range of effective radionuclide solubilities
waste, without assigning solubility limits directly (10-3 to 10-9 Molar) (Section 4.5) is possible
to the waste radionuclides, i.e., "... the waste- because of the wide range in local Eh, pH, possible
dissolution rate was assumed to be the same as the organic complexes, and possible effects of
rate at which the salt formation was dissolved." particulates; present best-estimate solubility
(p: K-20). (10-% M) is simple log-intermediate of range;

sorption of radionuclides onto clays and iron
corrosion products (Section 4.6) may be an effective
mechanism, but it is not included numerically in
calculations, because of the wide range of
radionuclide solubilities.
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Table 1-1.

Performance (continued)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Gas Generation Within WIPP Repository by Radiolysis, Bacteriological Activity, and Corrosion of Metals

Based on the data available in 1980, the
interpretation was that the dominant gas developed by
microbial activity would be COp (p. 9-153). The
average rate of gas generation by all mechanisms (not
including anoxic drum corrosion) was estimated to be
0.3 to 1.4 moles/drum (equivalent) per year, with
lower and upper limits of 0.0005 and 2.8 moles/drum
per year (Table 9-68, p. 9-155). A total gas-
generation potential of 2,000 moles/drum was
estimated by Molecke (1979).

Gas generation under anoxic conditions was considered
possible, "at a maximum rate of 2 moles per year per
drum."” However, "under the dry conditions expected

in a repository, the corrosion of steel is not

expected to yield significant quantities of pgas"
(p. 9-154).

The total gas-generation potential estimated in work
supporting the FEIS was 2,000 moles/drum.

Updated interpretation is that microbial action could
produce €Oy, CHy4, H9S, or Ng, although CO9 and Ng are
most 1likely; wide range of gas compositions is
possible depending on oxidation state; estimated rate
for microbial action, 0.85 moles/drum/year is average
of rates estimated in FEIS; estimated total gas-
generation potential from microbial activity reduced
to 606 moles/drum, based on recent inventory
estimates (Section 4.2).

Anoxic corrosion of Fe is probably an important
process in Mg-rich Salado brines; estimated rates of
Hy generation by drum corrosion range from 0.26 to 2
moles/drum/year; average value 1.1 moles/drum/year is
increased to 1.7 moles/drum/year to account for
metallic waste; estimated total gas-generation
potential from corrosion is 894 moles/drum; gas
generation rates depend strongly on availability of
free brine.

Total estimated gas-generation potential is 1,480
moles/drum at rates as high as 2.55 moles/drum/year;
net balance of microbial action and H70 is not known,
but assumed to be zero; ~100 m3 of brine per room is
required to complete anoxic corrosion.
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Table 1-1.

Performance (continued)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Gas Generation Within WIPP Repository by Radiolysis,

Bacteriological Activity, and Corrosion of Metals (continued)

The duration of gas generation was not specifically
considered in the FEIS.

The estimated duration of gas generation is highly
uncertain; microbial activity depends strongly on
waste geometry, i.e., compaction; drum corrosion
depends on availability of free brine or at least
maintenance of humid conditions.

Salado Structural and Hydrologic Behavior Near the Underground Workings

No credit was taken in the FEIS for structural or
creep closure of the WIPP repository, i.e., "waste is
assumed to be uniformly distributed throughout the
volumes of the undisturbed disposal areas at the time
a scenario begins" (p. K-23).

Mechanical closure of the repository was assumed to
occur largely by a process. of coherent creep,
although the possibility of a dilatant zone around
the underground workings was recognized, i.e., "...
open volume in the repository will close, probably in
50 to 200 years. Closure to full salt density is
expected because the air in a room and tunnel is

not enough to maintain appreciable openings in the
salt. Nevertheless, some volume may become available
for storing evolved gas because of dilatancy ...: as
the salt creeps into openings in the repository, it
is at a reduced density" (p. 9-154),.

Mechanical closure of repository- plays large role in
reducing permeability and defining "final" structural
state, but does not enter directly into numerical
calculations; final porosity of design-basis waste
and backfill is 0.16 to 0.25; final permeability is
0.1 Darcy (10'13 m2) (Section 4.8); closure to
"final" state is assumed to take ~60 years. :

Wall-closure rates measured in-situ  are about three
times those expected on basis of original model
calculations; far-field process is still creep, but
near-field region develops a disturbed rock zone
(DRZ); DRZ development and extent is time-dependent;
DRZ includes dilation, macroscopic fracturing, and
development of a zone of increased permeability
adjacent to underground workings; DRZ may retard
final closure and may serve as both source and sink
for brine (Sections 4.3, 4.7) and as sink for gas
(Section 4.10); with the exception of Marker Bed 139,
which is assumed to remain open (Sections 4.7, 6.1),
it is assumed that the DRZ is eliminated in final
stages of closure.
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Table 1-1.

Performance (continued)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

"Final" State of Waste-Emplacement Rooms and Panels

The FEIS assumed that the waste would be dry and
compacted prior to any breach; i.e., "as the salt
flows under lithostatic pressure, open volume in
the repository will close, probably in 50 to 200
years" (p. 9-154). However, in breaches involving
fluid flow through the repository, a transmissivity
of 3.9 x 10-3 m2/s (permeability of ~4.7 x 10-10 n2)
was assumed (p. 9-132).

Backfill

FEIS discussed backfill only briefly. Use of crushed
salt as a backfill material was assumed for purposes
of controlling subsidence (p: 9-151).

a.

It is concluded that mechanical closure to near-final
porosity and permeability will occur independent of
brine inflow and gas generation; it is generally
assumed that final structural state is not altered by
brine or gas behavior (Section 4.8); calculations of
undisturbed performance (Section 6.0) assume that
repository immediately resaturates at end of assumed
2000-year gas-generation phase; however, mechanism
and time required for resaturation are uncertain
(Section 4.10); calculations of transport in event of
human intrusion (Section 7.0) assume that gas is
passively. vented from repository and that one-phase
brine flow is transport mechanism; possibility of
two-phase flow is recognized (Section 3.2.1) but
cannot be quantified at present. ’

Design-basis backfill is assumed to be 70/30
salt/bentonite mixture in waste-emplacement areas and
crushed salt elsewhere; major objective is control of
free brine (Section 4.8); other options being
considered include addition of getters to control gas
pressures and use of grouts to control permeability
(Section 4.11).
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Table 1-1.

Performance (continued)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Seals Within Repository

FEIS discussed shaft sealing or plugging only
briefly. It was stated that "the [shaft and
borehole] plugs are to have long-term durability, low
water permeability, resistance to groundwater attack,
and physical and chemical compatibility with the
surrounding rock. The plug materials are also
required to bond to the surrounding rock ..."
(p.. 8-54).

Design basis is for emplacement of multi-component
seals at entrance to each waste-emplacement panel and
at two locations within accessways (Section 4.9);
major reliance for long-term containmént. is on
compacted backfill, because grouts and cements in
multi-component seals are assumed to degrade; it is
assumed (Section 4.9) that Marker Bed 139 will be
sealed only at seal locations; design-basis shaft
sealing combines multi-component seals at base of
shaft, in the Salado Fm. below the Rustler Fm., and
in the Rustler Fm. (Section 4.9); however, it is
assumed only that compaction of crushed salt in lower
200 m of shaft is effective (Section 4.9).

Borehole Pluggin

FEIS did not specifically discuss plugging of
boreholes not present at the time of decommissioning.
However, in modeling of breach scenarios 2a and 2b in
the FEIS (the "U-tube" scenarios), hydraulic
conductivities of 50 ft/day (~2 x 10-11 m2) and 5

"ft/day (~2 x 10-12 p2) yere assumed for two "failed"

boreholes (p. 9-132).

It is assumed that in the event of human intrusion by
a hydrocarbon-exploration hole, the borehole is later
plugged according to currently existing regulations
(Section 7.0, Appendix C); grout and concrete used in
plugs is assumed to degrade beginning 75 years after
emplacement; degraded plug permeabilities of 10-12
and 10-11 m2 are considered.

Hydrology of Castile Fm.; Presence and Character of Castile Brine Reservoir Beneath WIPP Underground Workings

The presence of pressurized brines in anticlinal
structures within the Castile Fm. was recognized, and
brine was known to be present in hole ERDA-6 (Table
7-19, p. 7-93). Based on the apparent restriction of
these brines to anticlinal structures, FEIS
apparently concluded that Castile brine was unlikely
to be present beneath the WIPP underground workings
(p. 7-87).

Pressurized brines are assumed to be present beneath
WIPP waste-emplacement panels, based on data from
drill holes and geophysical studies (Section 3.4);
properties of brine occurrence are assumed to be
those interpreted for the WIPP-12 reservoir (Section
3.4, Appendix E, Table 3-19).
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Table 1-1.

Performance (continued)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Hydrology of the Bell Canvon Fm. and Relationship of Bell Canyon and Rustler Heads

Although the possibility of downward flow was
recognized, it was assumed for purposes of
calculation that flow between the Bell Canyon Fm.
(Delaware Mountain Group) and the Rustler Fm. would
be upward (p. 9-130).

a.

Based on interpretation of relative heads at holes
Cabin Baby-1 and DOE-2, it is concluded that flow
would be downward if Bell Canyon and Rustler Fms.
were connected (Section 3.5.1) by an open borehole;
because of low local permeability of Bell Canyon Fm.,
flow in this unit would be very slow and is not
considered quantitatively.

Rustler Physical Hydrology. Geochemistry, and Numerical Modeling

Three water-bearing zones within the Rustler Fm. were
recognized: the Magenta Dolomite, Culebra Dolomite,
and the "Rustler-Salado interface" (p. 7-87).

The Culebra Dolomite and Magenta Dolomite, though
known to vary in permeability, were combined as a
single "Rustler aquifer" and assigned a uniform
hydraulic conductivity of 1 ft/day (~3.5 x 10-6 m/s)
east of Nash Draw for purposes of numerical modeling.
In the model, hydraulic conductivity was assumed to
be higher within Nash Draw, with a maximum value of
2.2 x 10"% m/s (Figure K-7, p. K-15).

a.

A total of 41 Culebra locations have been tested
(Table 3-17); testing to date indicates presence of
five water-producing units within Rustler Fm.
(Section 3.3.1, Figure 3-1).

Culebra Dolomite is still interpreted to dominate
flow near site; Culebra transmissivity varies by
approximately three orders of magnitude within the
WIPP site (10-7 to 10-% m2/s, Table 3-17); total
range of reported transmissivities wvaries from
<2 x 10-7 ml/s to >10-3 w?/s (Table 3-7); all
measured transmissivities included as point values in
model estimates of transmissivity distribution
(Figure E-6); zone of relatively high
transmissivities is present in southeastern portion
of site.
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Table 1-1.

Performance (continued)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Rustler Physical Hydrology. Geochemistry, and Numerjcal Modeling (continued)

‘For purposes of numerical modeling, the "Rustler

aquifers" were assumed to behave as an isotropic

porous medium with a uniform porosity of 0.10 (Table

K-2, p. K-18).

Regional flow within the "Rustler aquifers" was
assumed to be toward the southwest, with final
discharge at Malaga Bend on the Pecos River (Figure
K-35, p. K-13). The possibility that flow in the site
area might be to the southeast was recognized (p.
K-11). Modeling was conducted on the basis of
equivalent freshwater heads.

For purposes of numerical modeling, the Culebra and
Magenta Dolomites were combined into a single unit,
the "Rustler aquifers." It was concluded that "...
Rustler Formation aquifers apparently do not
communicate hydrologically with any of the aquifers
below the Salado Formation or with the shallow-
dissolution zone" (p. K-11). Although not
specifically stated, steady-state flow directions and
rates were also assumed.

Local flow and transport behavior is affected by
fracturing where T > 10-6 m2/s; distances over which
fracturing plays a role depend on local properties,
especially in southeastern part of site (Section 7.3,

 Appendix E.2.4); under some conditions fractures may

dominate transport out of the WIPP site (Section
7.3). Measured matrix porosities range from 0.03 to
0.3 (Table E-8).

Modern flow within Culebra Dolomite is interpreted to
be largely north-south in site area, but dominated by
flow in zone of relatively high transmissivity in
southeastern portion of site; ultimate discharge
point is mnot known; interpretation based on model
that includes effects of variable brine density
(Figure 5-3).

Head potentials between units are known to be
laterally variable (Section 3.3.1); limits to
vertical flow are considered qualitatively (Section
3.3.3); present modeling assumes confined steady-
state flow for 10,000 years (Section 7.3, Appendix
E), except for disturbance by Castile brine
reservoir; however, it is recognized that Rustler
hydrologic setting is transient over 10,000 years
(Section 3.3.3); where defined, relative head
potentials and geochemistry within Rustler Fm. are
not consistent with modern infiltration from surface
at WIPP site.
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Table 1-1.

Performance (concluded)

Assumptions and Treatment
In WIPP FEIS (DOE, 1980a)

Summary of Changes Since 1980 in Understanding of Major Factors Potentially Affecting WIPP Long-Term

Present Understanding and Potential Impact

Rustler Physical Hydrology., Geochemistry, and Numerical Modeling (continued)

Although the Rustler brines were known to be variable
(Table K-3, p. K-20), this variability could not be
included in ground-water modeling.

Although not specifically stated, radionuclide
retardation in the Rustler Fm. was estimated using a
porous-medium approximation. Specific Kgs used
include Pu, 2,100 mL/mg; U, 10 mL/mg; Np, 350 mL/mg
(Table K-3, p. K-20).

Although the conclusion does not seem to be
specifically stated, the Rustler aquifers appeared to
be very effective in retarding radionuclide
transport.

f.

Total range of TDS in Rustler brines at the WIPP site
is estimated to be 4,000 to >300,000 mg/L (Section
3.3.2), Culebra waters range from ~10,000 to >200,000
mg/L (Table 3-12); careful and repetitive sampling of
ground waters is needed.

Radionuclide retardation estimates in the Culebra
Dolomite (Section 3.3.4) are reduced as a result of
effects of variable ground-water composition,
possible organic complexing, uncertainties in Eh and
pH, competing ions, and the presence of discrete
fractures within the Culebra Dolomite; ranges of Kgys
considered here (Table 3-13) include Pu, 25 to 300
mL/g; U, 1 to 10 mL/g; Np, 1 to 10 mL/g.

Even with fracturing and decreased Kgs, Culebra
Dolomite is reliable given estimated "most likely"
properties but not as favorable as in FEIS; some
calculations in this report, however, indicate that
there are combinations of Culebra transport
properties that, although unlikely, could lead to
dominant fracture-flow effects over distances up to 5
km.




Third, this report documents both parameter values now thought to be
"representative™ or "most likely" for use in numerical predictions of the
long-term behavior of the repository and the estimated ranges of these
parameters. When possible, the uncertainties in data and the resulting
predictions of long-term behavior of the repository are discussed. The
uncertainties in some parameters are included in the calculations reported

here.

Finally, this report describes, documents, and interprets six sets of
calculations of potential health effects to individuals, resulting from
emplacement of TRU wastes in the WIPP, hydrologic saturation of the repository
as a result of either mnatural processes or human intrusion, ground-water
transport of radionuclides, and direct exposures resulting from drilling
(where appropriate). Case IA calculates doses resulting from undisturbed
performance, assuming the design-basis waste and backfill and expected waste
solubilities and transport properties within the repository. Case IB also
calculates undisturbed performance, assuming increased waste solubility and
degraded flow and transport properties within the repository and in the
geosphere. Case I1 examines repository performance following drilling through
the repository and a Castile brine reservoir, using varying assumptions (Table
1-2) to examine the effects of uncertainties in transport properties of both

waste and geosphere.

‘ The deterministic calculations in this report are not a part of the WIPP
performance assessment required by 40 CFR 191; they are not designed to show
either compliance or lack of compliance with the EPA's standard for
radioactive waste disposal (40 CFR 191), for two reasons. First, the
calculations presented here are deterministic (i.e., they assume a probability
of 1.0 for each calculation). This approach is physically unrealistic; in
fact, the results calculated here are mutually exclusive, because each
calculation assumes different repository and geosphere characteristics.
Second, no calculation of 10,000-year doses from radionuclide transport or of
doses following human intrusion are required by 40 CFR 191. Thus, the results
of the calculations in this report are not intended to be directly compared
with the performance standard in 40 CFR 191. Probabilistic calculations,

which assign numerical probabilities to important input data and to each of
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Table 1-2.

Description of and Input Parameters for Cases Analyzed

Case Description Repository Parameters Transport Parameter
IA  Undisturbed EXPECTED EXPEGTED
Performance Radionuclide Solubility 10-6 M Lower-Shaft Permeability 10-20 m2
Culebra Permeability 5 x 1015 to 3 x 10-13 n2
Culebra Matrix Porosity 0.16
IB  Undisturbed DEGRADED DEGRADED
Performance Radionuclide Solubility 10-4 M Lower-Shaft Permeability 10-20 p2
Marker Bed 139 Seal Permeability 4 x 10-17 n2
Culebra Permeability 5 x 10-15 to 5 x 10-17 n2
Culebra Matrix Porosity 0.07
ITA Response to EXPECTED EXPECTED
Breach of Castile Radionuclide Solubility 10-6 M Long-Term Plug Permeability 10-12 m2
Brine Reservoir Waste/Backfill Permeability Culebra Matrix Porosity 0.16
10-13 p2 sufficient Culebra Fracture Porosity 0.0015
For Mixingd Culebra Fracture Spacing 2 m
Salado Brine Inflow Culebra Free-Water Diffusivity 1 x 10-¢ cm?2/s
1.3 m3/panel /year Culebra Kq’s Range 0.1 to 200 mL/g
Culebra Matrix Tortuosity 0.15
IIB Response to PERMEABILITY LIMITED DEGRADED

Breach of Castile
Brine Reservoir

SOLUBILITY DEGRADED
Radionuclide Solubility 10-4 M
Waste Precompaction Reduces
Permeability Enough to

Prohibit Mixing

Salado Brine Inflow

1.3 m3/panel/year

Long-term Plug Permeability 10-11 p2

Culebra Matrix Porosity 0.07

Culebra Fracture Porosity 0.0015

Culebra Fracture Spacing 7 m

Culebra Free-water Diffusivity 5 x 10-7 cm2/s
Culebra Kq's Range 0.05 to 100 mL/g

Culebra Matrix Tortuosity 0.03
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Table 1-2. Description of and Input Parameters for Cases Analyzed (concluded)

Case Description Repository Parameters Transport Parameter
ITC Response to DEGRADED DEGRADED
Breach of Castile Radionuclide Solubility 10-4 M Long-term Plug Permeability 10-11 m2
Brine Reservoir Waste/Backfill Permeability Culebra Matrix Porosity 0.07.
10-13 m2 sufficient Culebra Fracture Porosity 0.0015
for Mixingd Culebra Fracture Spacing 7 m
Salado Brine Inflow Culebra Free-Water Diffusivity 5 x 10-7 cm?/s
1.3 m3/panel/year Culebra K4's Range 0.05 to 100 mL/g
Culebra Matrix Tortuosity 0.03
IID Response to PERMEABILITY LIMITED DEGRADED
Breach of Castile SOLUBILITY AS EXPECTED Long-term Plug Permeability 10-11 p2
Brine Reservoir Radionuclide Solubility 10-6 M Culebra Matrix Porosity 0.07
Waste/Backfill Permeability Culebra Fracture Porosity 0.0015
10-16 m2 prohibits Mixingb Culebra Fracture Spacing 7 m
Salado Brine Inflow Culebra Free-Water Diffusivity 5 x 10-7 cm?/s
0.1 m3/pane1/year Culebra Kq4's Range 0.05 to 100 mL/g
Culebra Matrix Tortuosity 0.03
a. Sufficient for mixing = it is assumed that Castile brine equilibrates to same radionuclide concentration

as in repository at each time step.
Because brine mixing is eliminated, only long-term source of radionuclides is from Salado brine flow
through waste and backfill,




several scenarios, will be conducted during the next four years as part of
. WIPP performance assessment and will culminate in a comparison with 40 CFR

191.

The choice of Cases I and II for modeling here was influenced in part by
the scenarios for WIPP performance-assessment modeling (Hunter, 1989), and in
part by the calculations in the FEIS (DOE, 1980a), which also examined
borehole intrusion. No human intrusion other than exploratory drilling is
considered here, in line with the guidance contained in Appendix B of 40 CFR
191, which explicitly states that intrusion by inadvertent, intermittent
exploratory boreholes can be the most severe intrusion scenario assumed by the

implementing agencies in carrying out performance assessments. Four portions

of Appendix B of the Standard contain suggestions and assumptions that guide

the development of scenarios for human intrusion and assignment of

probabilities to them:

Active institutional controls over disposal sites should be
maintained for as long a period of time as is practicable after
disposal; however, performance assessments that assess isolation of
wastes from the accessible environment shall not consider any
contributions from active institutional controls for more than 100
years after disposal. :

The Agency assumes that, as long as such passive institutional
controls [as are described in Section 191.14(c)] endure and are
understood, they: (1) can be effective in deterring systematic or
persistent exploitation of these disposal sites; and (2) can reduce
the likelihood of inadvertent, intermittent human intrusion to a
degree to be determined by the implementing agency. However, the
Agency believes that passive institutional controls can never be
assumed to eliminate the chance of inadvertent and intermittent human
intrusion into these disposal sites.

...The Agency believes that the most productive consideration of
inadvertent intrusion concerns those realistic possibilities that may
be usefully mitigated by repository design, site selection, or use of
passive controls... Therefore; inadvertent and intermittent
intrusion by exploratory drilling for resources...can be the most
severe intrusion scenario assumed by the implementing agencies.
Furthermore, the implementing agencies can assume that passive
institutional controls or the intruders’ own exploratory procedures
are adequate for the intruders to soon detect, or be warned of, the
incompatibility of the area with their activities.

...The implementing agencies should consider the effects of each
particular disposal system’s site, design, and passive institutional

controls in judging the likelihood and consequences of such
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inadvertent exploratory drilling. However, the Agency assumes that
the likelihood of such inadvertent and intermittent drilling need not
be taken to be greater than 30 boreholes per square kilometer of
repository area per 10,000 years for geologic repositories in
proximity to sedimentary rock formations (EPA, 1985, Appendix B).

To comply with 40 CFR 191.14, the DOE must designate the disposal site
with "the most permanent markers, records, and other passive institutional
controls practicable." The EPA's assumption that such controls "can be
effective in deterring systematic or persistent exploitation of these disposal
sites" for as long as they endure and are understood, in combination with the
suggestion that exploratory boreholes can be the most severe human-intrusion

scenarios, led Hunter (1989) to conclude in part that

No human intrusion of the repository will occur during the period of
active 1institutional controls. Credit for active institutional
controls can be taken only for 100 years after closure.

While passive institutional controls endure, no mineral exploitation
will be carried out deliberately inside the controlled area, but
reagsonable, site-specific exploitation outside the controlled area
may occur and should be considered in the performance assessment.

Intrusion of the repository leads to its detection. No mechanism for
detection need be advanced, although this report describes several
possible mechanisms. The EPA's use of the word "incompatibility"
allows the conclusion that the intruders will plug and abandon their
boreholes to avoid the effects of the repository, because
incompatible means "incapable of association ..., unsuitable for use
together because of undesirable chemical or physiological effects,
not both true"

While passive institutional controls endure, the number of
exploratory boreholes assumed to be drilled inside the controlled
area may be reduced below 30 boreholes/kmZ per 10,000 years (but not

to zero), if there is reason to believe that the controls will be

effective... [emphasis added].

The validity of the assumption that human intrusion will certainly occur
at least once during the 10,000-year lifetime of the repository, even in the
presence of enduring passive markers, has been debated. In light of the EPA’s
guidance in 40 CFR 191, however, the WIPP performance assessment is assuming

that at least one borehole will intrude the repository, and that approach is

echoed here.
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Case II assumes that drilling of the borehole intruding the repository
continues for at least 15 hours after the rebository horizon is reached, that
the Castile Fm. is penetrated, and that an occurrence of pressurized brine is
encountered. Eventually, the borehole is plugged. After plug degradation,
the pressurized brine drives the flow of radionuclide-contaminated brine up
the borehole and into the Culebra Dolomite. (Calculation indicates that long-
term pressure 1is not sufficient for flow to the surface.) Although this
sequence of events reflects current practice in the hydrocarbon industry in
the Delaware Basin, it may be a conservative interpretation of the wording in
Appendix B of 40 CFR 191, which allows the DOE to assume that intruders "soon
detect ... the incompatibility" of the repository with their activities. The
meaning of "soon" is not given in Appendix B of 40 CFR 191. This report takes
"soon" to.mean at least 15 hours, the time that it takes to drill between the
repository horizon and the Castile Fm., even though current technology would
allow the drillers to detect the radioactivity within the repository within
minutes of intruding it. This report cannot determine which interpretation is
correct. If future guidance from the EPA to the DOE suggests that currently
available technology, rather than current industrial practice, should guide
the design of human-intrusion analyses, then the cases presented here would
probably be greatly modified, and the doses to human beings would probably be

substantially reduced.

1.2 Summarvy of Results

1.2.1 Changes in Understanding of Major Aspects of WIPP Performance Since

1980

The results of this report fall into three broad categories. First, the
general geology of the WIPP site, largely independent of emplacement of waste
at the WIPP, is described. These results, primarily developed in Chapter 3.0,
demonstrate the improvement in understanding of the WIPP site that has taken
place in the past ten years and provide a general framework for considering
the long-term performance of the WIPP. They are summarized in condensed from
in Table 1-1. In each area of interest listed in Table 1-1, the current

understanding is also compared with the understanding at the time of FEIS
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(DOE, 1980a). Each entry in Table 1-1 refers to the part of the report that

discusses a specific topic in more detail.

Second, the expected behavior of the WIPP is described, with emphasis on
the behavior of waste-emplacement rooms and panels, and with the exception of
radionuclide transport. These results, largely developed in Chapter 4.0, form
the conceptual connection between site-characterization knowledge, discussed
in Chapter 3.0, and the numerical results describing expected radionuclide-
transport behavior, discussed in Chapters 6.0 and 7.0. 1In addition, Chapter
4.0 discusses data uncertainties and transient behavior that are relevant to
WIPP performance but are not included in calculations in Chapters 6.0 and 7.0.

The results and conclusions of Chapter 4.0 are also summarized in Table 1-1.

Third, the numerical results of calculation of long-term radionuclide-
transport behavior at the WIPP, both under undisturbed conditions and in
response to human intrusion, are presented. Human intrusion is assumed to
connect a reservolr of pressurized brine in the Castile Fm. with the WIPP
repository. The six specific cases analyzed and the various numerical inputs
assumed for each case are summarized in Table 1-2. The results of the
radionuclide-transport calculations are summarized in Section 1.1.2 and in

Tables 1-3, 1-4, and 1-5 (Section 1.2.2).

1.2.2 Estimated Health Effects from Release of Radionuclides

The possible human-exposure pathways for all cases considered here begin
with release to the surface at the head of the intrusion weil or at a stock
well in the Culebra Dolomite located down gradient from the repository. 1In
Cases TA and IB, no radionuclide migration to either the Culebra Dolomite or
the surface occurs within 10,000 years under the assumed conditions. The two
sections below summarize the results for the two general types of releases

that are calculated in Case II.

1.2.2.1 Releases at the Head of the Intrusion Well (Case II). Releases

at the head of the intrusion well comprise two possible parts. First, the
borehole penetrates a repositery panel, removing cuttings. Second, particles

are eroded from the consolidated waste by the swirl of the drilling fluid.
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Three drums of consolidated wastes are estimated to be removed in the form of
cuttings and eroded material. The two components, cuttings and eroded
material, comprise the total release to the surface at the head of the

intrusion borehole.

All material (cuttings and particles eroded from the room contents by
drilling fluid) is immediately deposited into a settling pond at the well
head. An external radiation exposure may be received by the drilling crew;
however, only the member of the crew who receives the maximum exposure is
considered. A geologist who examines cutting chips for a period of one hour
at a distance of one meter is assumed to be that individual. The same
approach used in the FEIS (DOE, 1980a, p. 9-144) was used to calculate the
external dose received by the geologist (Table 1-3). As in the FEIS, the chip

samples are treated as point sources with no self-shielding effects.

The exposure rate from natural background radiation is ~0.01
milliroentgen per hour (mR/hr) (100 mrem/yr). Even though the estimated
exposure rate from chip examination is eight times the background exposure
rate, the incremental dose is only 0.08 mR/yr, because the exposure only lasts
for one hour. One mR/hr is approximately equal to a biological effect of

1 mrem/hr if the quality factor is 1 for gamma rays.

After drilling operations cease, radioactive material remaining in the
drilling-mud settling pond is available for transport through airborne or
surface-water pathways. Doses to a hypothetical farm family living 500 m
downwind from the settling pond were assessed in the FEIS. These pathways are
not believed to be significant, because it 1is very doubtful that a farm (as
opposed to a ranch) would ever exist at this location under such arid
conditions and with such unsuitable topsoils; however, the dose estimates were

repeated for completeness.

The pathways that result in doses to the hypothetical farm family must
begin with particle transport from the mud pit by wind or surface-water
erosion. Surface-water transport was not included in either the FEIS (DOE,

1980a, p. 9-145) or the calculations in this report, because there is no
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Table 1-3. Maximum Doses Received by a Member of the Drilling Crew (Case II)

Nuclide mCi/chip E _(MeV) n (gam-q/dis) Ex (mR/hr-chip)
Pu-238 35.0 0.099 8.0 x 10-5 1.4 x 10°%4
Pu-239 4.0 0.0
Pu-240 1.0 0.65 2.0 x 10-7 6.5 x 10-8
U-233 0.06 0.029 1.7 x 10-4 1.5 x 10-7
U-235 3.2 x 10-6 0.143 0.11

0.185 0.54

0.204 0.05 3.0 x 107
Am-241 7.1 0.06 0.36 0.077
Np-237 7.3 x 103 0.0

Total 0.08 mR/hr-chip

Table 1-4. Maximum Doses Received by a Hypothetical Farmer Through Indirect
Pathways (Case II)

Committed Dose Equivalent After 1-Year Exposure (mrem/50 vr)

Above-Surface Below-Surface

Nuclide Beef Milk Crops Crops Inhalation
Am-241 3.04 x 10-12 9,97 x 10-11 8.81 x 10-8 1.03 x 10-9 2.62 x 10-1
Np-237 8.23 x 10-17 4.86 x 10-17 4,20 x 10-15 - 2.58 x 10-6
Pu-238 1.69 x 10-13 2,69 x 10-15 3.30 x 10-10 1.35 x 10-9 4.37 x 10-1
Pu-239 1.98 x 10-14 3,15 x 10-16 3,87 x 10-11 1,58 x 10-10 5.40 x 10-2
Pu-240 4.94 x 10-15 7.89 x 10-16 9 .68 x 10-12 3,95 x 10-11  1.35 x 10-2
U-233  5.87 x 10-14 6.22 x 10-13 1,59 x 10-13 7,29 x 10-12 2.62 x 10-4
U-235 2.93 x 10-18 3,11 x 10-17 7.95 x 10-18 3 65 x 10-17 1.19 x 10-8
Total Ingested Dose: 4.87 x 10-10

Total Inhaled Dose: 7.66 x 10-1

Note: Includes breathing rate of 2.7 x 10-% m3/s.
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integrated surface-water drainage from the WIPP site (Hunter, 1985). The
pathways considered here are thus the same as those used in the FEIS. They
include inhalation of contaminated air and ingestion of foods (meat, milk, and
above- and below-surface food crops) produced on the farm. The estimated
doses to an individual member of this farm family (Table 1-4) are assumed to
be the same for all variants of Case II. The sum of 0.77 mrem primarily from
inhalation of 238pu and 241Am calculated for a person living on the
hypothetical farm is the 50-year committed dose equivalent. The estimated 50-
year committed dose from ingestion of contaminated food products is onlyb4.9»x
10-10 prem. Table 1-5 compares the dry deposition flux of plutonium at the
hypothetical farm with other radionuclide concentrations from natural and man-
made sources. The dose calculations to the geologist and farm-family member
presented here are conservative in that they take mno credit for radioactive

decay of the waste prior to drilling.

1.2.2.2 Releases from a Stock Pond. The starting point for calculations

of doses arising from ingestion of contaminated beef is the hypothetical stock
well in the Culebra Dolomite. The concentrations of the radionuclides at the
stock well were highest at 10,000 years. These concentrations were used for
the dqse calculations. Some cases showed peak-arrival times for a few
radionuclides before 10,000 years. Concentrations at these peak-arrival times
were also calculated, but they resulted in lower doses than the 10,000-year

concentrations with one exception.

The estimated doses calculated for a person consuming 86 g/d of beef
contaminated by radionuclides from the stock pond are reported in Table 1-6.
The 50-year committed effective dose equivalents (CEDE’s) are 2.1 x 10-%4 nrem
for Case IIA at 10,000 years, 72 mrem for Case IIB at 10,000 years, 130 mrem
for Case IIC at 1,345 years, and 0.91 mrem for Case IID at 10,000 years.
These calculations were made for CEDE factors for radionuclides transported in
a soluble chemical form. In the WIPP ground-water environment, radionuclides
are usually found in relatively insoluble chemical forms. If CEDE's for these
insoluble chemical forms are used, the highest estimated dose of 130 mrem
(Case 1IC) would decrease to 30 mrem, and eétimated doses for other cases

would also decrease.
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Table 1-5. Comparison of Radionuclide Concentrations from Natural and Man-
Made Sources

Dry deposition flux of plutonium

at hypothetical farm 5 pCi/m2
Worldwide Pu-239 fallout levels 2000 pCi/m2
Experimental study areas 2 x 106 to 4 x 108 pCi/m2
U.S. average natural alpha activity 3 x 10 pCi/m2

High natural radiation background areas

106 pCi/m2

Colorado ' 7 x
Brazil 5 x 107 pCi/m2
U.S.S.R. 2 x 108 pCi/m2
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Table 1-6. Maximum Doses Received by a Person Through the Contaminated-Beef
Pathway

.Committed Effective Dose Equivalent After 1-Year Exposure (mrem/50 vr)

Nuclide mrem Sum
Case IIA .

Ra-226 3,0 x 10-3

Pb-210 1.8 x 10-4 2.1 x 10-4
Case IIB

Np-237 2.5

Pb-210 2.8 x 101

Pu-239 2.2 x 10-1

Pu-240 1.1 x 10-1

Ra-226 4.7

Th-229 3.3 x 10-1

Th-230 1.2 x 10-3

U-233 3.1 x 101

U-234 5.2

U-236 5.0 x 10-2 7.2 x 101
Case TIC

Np-237 9.1

Pb-210 9.2

Pu-239 7.1 x 10-6

Pu-240 1.4 x 10-3

Ra-226 1.5

Th-229 1.3 x 10-1

Th-230 4.3 x 104

U-233 9.0 x 101

U-234 1.9 x 101 '

U-236 5.3 x 10-2 1.3 x 102
Case IID

. Np-237 7.8 x 10-2

Pb-210 3.4 x 10-1

Pu-239 1.8 x 10-4

Pu-240 3.8 x 10-%

Ra-226 5.7 x 10-2

Th-229 1.4 x 10-3

Th-230 1.5 x 10-3

U-233 2.7 x 10-1

U-234 1.7 x 10-1 ’

U-236 4.8 x 10-4 9.1 x 10-1
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2.0 GENERAL GEOLOGY OF THE WIPP SITE

The WIPP site is located in southeastern New Mexico, in the northern
portion of the Delaware Basin (Figure 1-1). The generalized stratigraphy in
the vicinity of the WIPP from the Bell Canyon Fm. to the surface is summarized
in Figure 1-3. Regional stratigraphic relationships and characteristics for
all units of interest in the northern Delaware Basin were discussed in detail
by Powers et al. (1978). The brief summary included here is intended only to

provide a geologic framework for the units of specific interest.

The Delaware Basin became a distinct structure by the late Pennsylvanian
Period or early Permian Period, ~280 million years ago. Approximately 250
million years ago, the reef now represented by the Capitan Limestone began to
grow around the margins of the developing basin, and the sandstones, shales,
and carbonates now making up the Delaware Mountain Group (DMG) were deposited
within the basin. Most of the Capitan Limestone is relatively massive. Some
portions of the unit are hydrologically active and locally support karst
hydrology, including the formation of large cavities like Carlsbad Caverns.
The Delaware Mountain Group, which is limited to the basin, contains three
major subdivisions, the Brushy Canyon, Cherry Canyon, and Bell Canyon Fms. (in
ascending stratigraphic order). Only the Bell Canyon Fm. is considered here,
as it is the first regionally continuous water-bearing formation beneath the
WIPP underground workings. The hydraulic behavior of the Bell Canyon Fm. is
assumed to be more important to the long-term performance of the WIPP than

that of any underlying units.

The Bell Canyon Fm. {the first wunit beneath the WIPP that is a local
target of hydrocarbon exploration) is divided into five informal members, the

Hays sandstone, Olds sandstone, Ford shale, Ramsey sandstone, and Lamar

limestone (in ascending stratigraphic order). The members wvary in thickness
and lithology. The Ramsey sandstone tends to be elongated and laterally
discontinuous, in the nature of "channel sands." Individual sands are

separated laterally by stratigraphically equivalent siltstones and shales.

Near the WIPP site, the Bell Canyon Fm. consists of a layered sequence of
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sandstones, shales and siltstones, and limestones 300 m or more in thickness

(Powers et al., 1978).

Within the northern Delaware Basin, the sandstones and shales of the Bell
Canyon Fm. are overlain by the thick-bedded sequence of anhydrites and halites
of the Castile Fm., also of Permian age. The Castile Fm. near the WIPP site
normally contains three relatively thick anhydrite/carbonate units and two
thick halites. The anhydrites and halites contain abundant anhydrite and
carbonate laminae, may be strongly deformed internally, and are locally
variable in thickness. The thickness of the Castile Fm. near the WIPP site is

~400 m.

The Salado Fm., of Late Permian (Ochoan) age, is 530 to 610 m thick at and
near the WIPP site and is genefally bedded on a scale of 0.1 to 1 m. It
contains 45 numbered "anhydrite" marker beds of variable thickness (MB 101
through MB 145 with increasing depth). Between marker beds, the Salado Fm.
consists of layered halites of varying purity and accessory mineralogy;
anhydrite (CaS04), clays, and polyhalite (KoMgCa2(S04)s+2H20) are dominant

accessory minerals. The WIPP repository horizon is between MB 138 and MB 139.

The Salado Fm. is overlain by the Rustler Fm., also of Ochoan age. The
Rustler Fm. contains five members (Table 2-1). Two, the Magenta and Culebra
Dolomites, are gypsiferous dolomites with a variable concentration of vugs and
fractures and local occurrence of silty zones. The other three members of the
Rustler Fm. (unnamed member, Tamarisk Member, and Forty-niner Member in upward
succession) consist of varying proportions of anhydrite, siltstone, ciaystone,
and halite. The major mineralogical wvariability within the Rustler Fm. as a
whole is in the degree of alteration of anhydrite to gypsum and the presence
or absence of halite, both generally interpreted to result from evaporite
dissolution. Some of this wvariability, however, may reflect original
depositional patterns. The Rustler Fm. ranges from 83 to 130 m in thickness
at the WIPP site, depending on the extent of evaporite dissolution and

depositional variability.
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Table 2-1. Generalized Stratigraphy of the Rustler Fm. at and near the WIPP
Site (after Snyder, 1985)

Approximate Generalized Character in
Age Member Thickness (m) "Unaltered" Sections
Permian/ Forty-Niner 45% Anhydrite
Ochoan Halite and Siltstone
Anhydrite
Magenta 6 to 9 Thinly Laminated Gypsiferous
Dolomite ’ Dolomite; Local Anhydrite
Tamarisk 65+ Anhydrite
Halite and Siltstone
Anhydrite
Culebra 6 to 10 Finely Crystalline, Vuggy,
Dolomite Gypsiferous Dolomite; Local
Siltstone
Unnamed 44+ Alternating Halite, Siltstone,
Anhydrite

Laminated Siltstone

The Culebra Dolomite is the first laterally continuous unit above the
repository horizon to display significant permeability. Barring direct breach
to the surface, the Culebra Dolomite provides the most likely pathway between
the repository and the subsurface accessible environment. The hydrology and
fluid geochemistry of the Culebra Dolomite are complex. The unit displays
wide ranges in hydraulic properties, local flow and transport mechanisms, and
geochemistry. As a result of these factors, the Culebra Delomite has received

much study during WIPP site characterization.

The Rustler Fm. at the WIPP is overlain by the Dewey Lake Red Beds (the
uppermost unit of the Ochoan Series), consisting largely of siltstones and
claystones with subordinate sandstones. The unit is ~30 to 170 m thick at and
near the WIPP site, varying at least in part as a result of post-depositional
erosion. Where relatively thick and hydraulically unsaturaﬁed, the Dewey Lake
Red Beds form a low-permeability buffer =zone between the surface and
relatively soluble carbonates and sulfates in the underlying Rustler Fm. In
some areas, however, the unit is thinned by local erosion and is hydraulically

saturated. Where sufficiently thin, the Dewey Lake may not present an
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effective barrier to vertical fluid movement from the surface into the
Rustler, depending on the local fluid pressures within and above the Rustler
Fm. Where saturated, the Dewey Lake Red Beds may, in some areas, serve as a
source of fluids to the underlying Rustler Fm. The depositional age of the
Castile, Salado, and Rustler Fms., as well as the Dewey Lake Red Beds, ranges
from ~245 million to 230 million years. Over approximately the eastern half
of the WIPP site, the Dewey Lake Red Beds are overlain by the (undivided)

Dockum Group of sandstones and shales of Triassic age.

The shallowest and youngest stratigraphic units at the WIPP site proper,
except for recent surficial sands, are the Gatufia Fm., the Mescalero caliche,
and the Berino soil. The Gatufia Fm., the upper part of which is ~600,000
years old, consists of siltstones, sands, and stream-laid conglomerates,
deposited in a wetter climate than is now present in southeastern New Mexico.
The Mescalero caliche, 510,000 to 410,000 years old, is relatively continuous
near . the WIPP site and supports the Livingston Ridge surface, on which the
site is located (Figure 1-1). The Berino soil, ~250,000 years old, -is a thin
horizon and is much less widespread than either the Gatufia or the Mescalero
(Bachman, 1985). Together, the Gatufia Fm., Mescalero caliche, and Berino soil
indicate some of the variability of the climate in southeastern New Mexico
over the past 600,000 years, but also indicate the relative structural
stability of the Livingston Ridge surface over the past 400,000 to 500,000

years.

Localized gypsite-spring deposits, ~25,000 years old, occur along the
eastern flank of Nash Draw, but the springs are not currently active. Around
the northwestern margin of the Delaware Basin, packrat middens indicate that
the climate ~10,500 years ago was wetter than that at present. The recent
surficial windblown sands at and near the WIPP site are almost all stabilized
by vegetation. South of the site, however, there is an area in which
surficial dunes appear to be active. It is from these dunes that the area has

derived its name, "Los Medafios."
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3.0 HYDROLOGY AND GEOCHEMISTRY OF THE WIPP SITE

3.1 Introduction

This chapter summarizes the present conceptual and numerical understanding
of the behavior of geologic formations at the WIPP site, generally independent
of the presence of the WIPP underground workings. Separating information
about the workings from information about the Salado Fm. (within which lie the
repository workings) is not always possible, because much of the available
information about the Salado has been derived from the WIPP. In the case of
the Salado Fm., a distinction 1is maintained where possible between generic
behavior, described in this section, and room- or panel-specific behavior,

which is considered in detail in Chapter 4.0.

Section 3.2 discusses the overall hydrologic behavior and modeling of the
Salado Fm., although the only setting considered is that immediately
surrounding the WIPP. The near-field and far-field permeabilities of the
Salado Fm. play a crucial role in controlling brine and gas flow into and out
of the WIPP. Salado brine compositions, in combination with those of the
Rustler and Castile Fms., will control the compositions of any brines and

gases present within the repository after interaction with waste and backfill.

Section 3.3 discusses the Rustler Fm. Gathering data on the Rustler Fm.
has been a major focus of WIPP site characterization, especially since the
time of the FEIS (DOE, 1980a) (Table 1-1). Section 3.3.1 discusses the
physical hydrology of the Rustler Fm., including the distribution of fractures
and possible vertical fluid flow. Section 3.3.2 discusses the chemical
variability of Rustler ground waters, -with emphasis on the Culebra Dolomite.
The variability of Culebra ground waters is critical in interpreting modern
and ancient flow directions and may play a role in radionuclide migration.
Section 3.3.3 discusses the relationship between the variability of Culebra
waters, -isotopic findings, and the apparent time dependence of the hydrologic
setting of the Rustler Fm. over -~10,000 years, the same length of time
considered in calculations presented in this report. Section 3.3.4 discusses

radionuclide retardation in the Culebra Dolomite, especially the effects of
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potential geochemical variability (Sections 3.2.2 and 3.3.2) on radionuclide
sorption, Section 3.3.5 discusses the evoiution of flow and transport
modeling within the Culebra Dolomite from the time of FEIS to the present.
Flow and transport models at the time of the FEIS were equivalent-porous-
medium models based on equivalent freshwater heads. Current models treat flow
and transport through a 1locally fractured medium; flow diréctions reflect
variations in downhole pressure as a result of both altitudinal and fluid-
density variations arising from the wvariability of Culebra brines (Section

3.3.2).

Section 3.4 discusses the hydrology of the Castile Fm., with special
emphasis on the interpreted properties of the WIPP-12 brine reservoir. At the
time of the FEIS, pressurized Castile brines were not expected beneath the
WIPP (Table 1-1). However, as a result of data from hole WIPP-12 and
geophysical studies, it is now assumed for purposes of calculation that the
WIPP-12 reservoir unde:lies at least a portion of the WIPP waste-emplacement

panels.

Section 3.5 briefly discusses the Bell Canyon Fm. and Dewey Lake Red Beds.
Recent work in holes Cabin Baby-1 and DOE-2 indicates that if the Culebra
Dolomite and the Bell Canyon Fm. were connected by a drillhole, the final
direction of brine flow between them would be downward, rather than upward as
assumed in the FEIS. Little has changed in the interpretation of the Dewey
Lake Red Beds since the time of the FEIS.

3.2 Salado Formation
The following are the major conclusions of Section 3.2.

+ The interpreted far-field permeability of the Salado Fm. is 10-20 té 10-21
m2, based on brine-inflow measurements and testing. Ongoing work, however,
indicates that this estimate may be too high. In fact, the effective far-
field permeability in the absence of significant pressure gradients may be

near zero, and Darcy-flow assumptions may not be appropriate.
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Experimental results have been modeled successfully with a one-phase (brine
only), poroelastic, Darcy-flow model, assuming isotropy. Uncertainties in
this model include potential stratigraphic effects, wvariations in
storativity and fluid compressibility, detailed effects of borehole
deformation, reliability of estimates of far-field pore pressures, and the
possibility of two-phase flow. It has not been possible to distinguish in
the field between flow in response to far-field Darcy permeability and flow
in response to increased permeability of the Salado halite in that wvolume
structurally disturbed by the presence of the WIPP itself. With the
possible exception of two-phase flow, however, Darcy-flow calculations
should be conservative, i.e., they should overestimate brine flow as a

function of time.

Earlier results from testing of the Salado Fm. in holes drilled from the
surface are unreliable for several reasons, with the exception of an upper-
bound permeability of <0.3 microdarcy estimated in hole DOE-2._ Therefore,
the results of testing from the surface are not included in estimates of
far-field Salado permeability in this report. Similarly, high
permeabilities interpreted from the results of gas-flow testing in the
_disturbed rock zone surrounding the underground workings (Section 4.7) are

not considered in evaluating the estimated far-field permeability.

Salado brine analyses indicate considerable vertical and lateral
variability, although much of this variability may result from sampling
difficulties. A reference Salado brine, defined for purposes of
performance assessment, is high enough in Mg to support active anoxic
corrosion of metals (Section 4.2) and appears to be in equilibrium with
anhydrite, gypsum, and halite. Data are not available to estimate whether
this brine is in equilibrium with magnesite (MgC03), polyhalite

(KoMgca2(S04)4), quartz, or Salado clays.

Microbial activity within the repository could decrease the oxidation
potential (Eh), generate CO9, and decrease pH. Interactions between brine,
grouts, and hydroxide getters such as KOH (Section 4.11) could lead to very

basic conditions, i.e., very high pH, in the repository.
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3.2.1 Salado Hydrology

This section discusses the present understanding of fluid flow within the
Salado Fm., especially as influenced by the presence of the WIPP. Amounts and
processes of brine inflow to and brine and gas egress from the repository play
critical roles in its long-term behavior. For example, although the nature of
the dependence of biological gas generation on brine inflow is mnot clear
(Section 4.2), there is 1ittle doubt that the potential amount and rate of gas
generation as - a result of corrosion depend strongly on the amount of free
brine within the repository (Sections 4.2, 4.3, 4.10). In addition, the
amounts of brines that might be present control the possibility of slurry

formation during closure (Section 4.10.1).

3.2.1.1 Understanding and Assumptions Prior to Mining. The WIPP FEIS
(DOE, 1980a) was written prior to mining the underground workings; it was

assumed that the final state of emplaced waste in the absence of human
intrusion would be compacted and dry. It was also assumed that the gas
permeability of the Salado Fm. was sufficient to dissipate the quantities of
gas that were expected to be generated by the emplaced waste. These
assumptions were based on the best available conceptual models and data for
bedded salt. The increasing complexity in conceptual models and data that
have resulted from underground experience at the WIPP is a normal and expected

progression in research and development.

The brine-related studies that were completed prior to mining led to
several specific conclusions. First, the only water in Salado halites was
thought to be contained in fluid inclusions and hydrous minerals. No grain-
boundary brines were thought to be present; i.e., the only grain-boundary
fluid was thought to be gas. . Second, brine influx from the Salado Fm. was
thought to be stress- or temperature-gradient driven and small, with no long-
term steady-state flow. Finally, because brine-inflow volumes were expected
to be small, there was no perceived need for engineered backfill designed to

control either brine or possible interactions between brine and waste.

Corresponding conclusions were drawn about the gas-generation and gas-

transport properties of the waste and the Salado Fm. The far-field gas
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permeability of the Salado Fm., based on results of gas-flow testing conducted
from the surface, was assumed to be on the order of 10-18 to 10-17 m2 (a few
microdarcies). Because the interpreted far-field gas permeability of the
Salado Fm. was sufficient to dissipate the quantities of gas that were
expected to be genefated by the emplaced waste, there was no concern about a

potential buildup of gas pressure within the repository.

With the understanding of the WIPP site that was current in 1980,
radionuclide migration from the WIPP was thought to be essentially zero in the

absence of human intrusion.

3.2.1.2  New_ Understanding Derived from WIPP Underground Experience.

Information about the occurrence and movement of brine within the Salado Fm.
and in-situ measurements of Salado permeabilities has yielded a new
understanding of Salado hydrology. The presence and movement of brine in the
Salado Fm. adjacent to the underground workings is evidenced by small "weeps"
that commonly develop on the walls of an excavation shortly after it is mined.
Rarely does the brine-flow rate to the walls exceed the evaporation rate
resulting from mine ventilation. Growth of these weeps generally stops within
a year after mining. Movement of brine in the Salado Fm. has been quantified
by in-situ measurements of brine flow into sealed boreholes and by in-situ
permeability measurements. Much of the information derived from underground

experience has been Summarized elsewhere (Tyler et al., 1988).

In-situ brine-flow experiments are one approach to measuring Salado
permeability. Near;steady-state brine-flow rates into sealed boreholes,
measured under carefully controlled conditions, are in the range of 5 x 10-8
to 1 x 10-7 1liters per second (Nowak and McTigue, 1987). These rates have
been used to calculate Salado permeabilities that are predominantly in the
range of 10-21 to 10-20 m2 (a few nanodarcies or 10-14 to 10-13 m/s
conductivity) using a poroelastic Darcy-flow model. (McTigue and Nowak, 1987;
Nowak et al., 1988).

" Calculations from brine-flow experiments and more direct in-situ

permeability measurements show that the far-field permeabilify of the Salado

Fm. may be several orders of magnitude smaller than previously estimated. The
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best direect measurements of far-field permeabiiity within the Salado Fm. are
in the range of 10-20 to 10-22 p2? (10 nanodarcies or less; much smaller than a
few microdarcies) (Peterson et al., 1987a; Saulnier and Avis, 1988; Tyler et
al., 1988) (Tables 3-1 and 3-2). These values are consistent with wvalues
inferred from brine-inflow measurements (McTigue and Nowak, 1987; Nowak et
al., 1988). Uncertainties in the application of these wvalues to the WIPP
arise from the lack of reliable measurements of stratigraphic effects and from
the possible effects of borehole closure and fluid flow on calculated

conductivities and measured far-field fluid pressures.

Previous measurements of Salado permeability, used in the FEIS, were made
in boreholes drilled from the surface and are characterized by large
~uncertainties and known errors (Table 3-3). These uncertainties can be
greatly reduced and the errors eliminated by careful in-situ measurements.
Therefore, only in-situ measurements of brine flow and permeability are now

considered to be valid for WIPP models.

The FEIS cited values for Salado permeability that were derived from
drill-stem tests (DSTs) performed in ERDA-9 (Lambert and Mercer, 1978). These
values have since been determined to be unreliable for two principal reasons.
First, the purpose of the ERDA-9 DSTs was to detect pressurized brine, not to
measure the permeability of the Salado Fm. As a result, pressure-
stabilization periods preceding the tests were too short to allow adequate
equilibration between borehole and formation pressures for quantitative
testing and analysis. Individual test components were also too short to allow
representative formation responses to develop. Thus, the pressure record
developed during testing represented an inseparable superposition of pressure
transients resulting from drilling and various test components. That pressure
record cannot be interpreted to yield unique values of permeability. Second,
the oilfield service company that performed the tests and analyses erred in
the application of the analysis technique. Even though no flow was measured
during the testing, an analytical approach that requires a low rate as an
input parameter was misused to provide the reported results, The reported

permeability values are, therefore, meaningless.
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Table 3-1. Summary of Salado Permeability Measurements Made from the WIPP

Underground Workings Near the Waste-Disposal Horizon (Peterson et
al. 1987a, 1987b)

Permeability
Stratum (m?2)
Predominantly Halite 10-21
Anhydritic MB139 ’ 10-20
Predominantly Halite <1.2 x 10-20

Notes:

Conversion factors:

Density of WIPP brine at 28°C = 1.2 x 103 kg/m3 ’
(1.2 g/em3) (Stein and Krumhansl, 1986; Kaufman, 1960, p. 612).

Viscosity of WIPP brine at 28° = 1.6 x 10-3 Pa-s
(1.6 centipoise) (Kaufman, 1960, p. 622; Ezrokhi, 1952).

One darcy = 7.3 x 1076 m/s (~10-5 m/s) = 9.9 x 10-13 m2 (~10-12 n2)

Oge nanodarcy = 7.3 x 10-15 m/s (~10-14 m/s) = 9.9 x 10-22 p2 (~10-21
m<)

Table 3-2. Summary of Salado Permeability Measurements in the Waste-Handling

Shaft (Saulnier and Avis, 1988)

Depth Penetration Hydraulic Conductivity Permeability

(m) (m from shaft wall) (m/s) (m?2)

259 3.04 - 4.29 (halite) 2 x 10-14 3 x 10-21
3.73 - 4.84 (halite) 1 x 10-13 1 x 10-20
5.13 - 6.24 (halite) 3 x 10-14 4 x 10-21
5.66 - 7.92 (halite) 1 x 10-13 1 x 10-20
7.06 - 10.97 (halite) 3 x 10-14 4 x 10-21

402 1.64 - 2.90 (halite) 3 x 10-14 4 x 10-21
3.73 - 4.84 (anhydrite) 3 x 10-14 4 x 10-21
5.66 - 12.75 (polyhalite) 2 x 10-14 3 x 10-21
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Table 3-3. Summary of Salado Permeability Measurements Made from the Ground

Surface
Depth Interval Hydraulic Conductivity Approximate
Well (m) (m/s) Permeability (m2)
ERDA-91 436.8 - 452.9 5 x 10-12 6 x 10-19 - 7 x 10-19
613.9 - 638.3 2 x 10-11 - 5 x 10-11 3 x 10°18 - 6 x 10-18
765.7 - 798.0 1 x 10-11 - 2 x 10-11 2 x 10-18
765.7 - 799.5 2 x 10-11 - 3 x 10-11 2 x 10-18 - 3 x 10-18
799.5 - 826.9 5 x 10-13 - 2 x 10-10 7 x 10-20 - 2 x 10-17
799.5 - 876.0 3 x 10-12 . 5 x 10-11 4 x 10-19 - 6 x 10-18
AEC-72 554 .4 - 584.9 0 - 2 x 10-11 0 -3 x 10-18
676.4 - 706.8 9 x 10-11 - 2 x 10-10 1 x 10-17 - 2 x 10-17

Cabin Baby-13 230.7 - 828.3 <7 x 10-13 . <7 x 10-14 <8 x 10-20 . <9 x 10-21

DOE-24 669.0 - 703.7 <2 x 10-12 <3 x 10-19
317.0 -~ 943.4 undefined

Griswold (1977)
Peterson et al. (1981)
Beauheim et al. (1983)
Beauheim (1986)

PN

Air-injection tests in AEC-7 (Peterson et al., 198l) also resulted in
unreliable estimates of Salado permeability. Pretest conditions were poorly
defined, and pressure-stabilization and test-component durations were too
short to allow meaningful separation of the superimposed responses that were
observed. Attempts to Iinterpret the data resulted in inconsistent
conclusions. Similar difficulties were encountered during attempts to
interpret DSTs performed in the Salado Fm. at Cabin Baby-1 (Beauheim et al.,
1983). Lack of knowledge of pretest conditions and test durations that were

too short preclude reliable interpretation of the test data.

The most carefully controlled measurement of Salado permeability in a hole
drilled from the surface was attempted at DOE-2 (Beauheim, 1986). Testing of

the entire Salado Fm. was inconclusive, and testing of the interval from
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Marker Bed 138 to Marker Bed 139 resulted only in an upper limit on
permeability, indicating that Salado permeability could not be properly
measured in holes drilled from the surface within a reasonable period of time.
The times required to reach near-steady-state initial conditions would be
prohibitively long. Consequently, all plans for future testing centered on

holes drilled from WIPP shafts and underground workings.

Another important parameter for analysis of fluid and mechanical processes
near the repository is lithostatic pressure in the Salado Fm. Various values
for lithostatic pressure have been derived. Based on the integrated rock
density measured in ERDA-9, Krieg (1984) reported a lithostatic pressure of
14.83 MPa at clay seam F in the upper portion of the repository horizon.
Based on the average breakdown and reopening pressures from hydraulic
fracturing tests at the repository horizon, Wawersik and Stone (1985)
determined a range of isotropic in-situ stress from 14.28 to 17.9 MPa.
Wawersik and Stone (1985) also reported a best estimate of instantaneous shut-
in pressure for the same hydraulic fracturing tests of 16.62 MPa and a
calculated lithostatic pressure of 14.9 MPa. The analyses contained in this
report incorporate both previous and new calculations that use lithostatic

pressure. The lithostatic pressures used in these calculations range from

14.0 to 15.0 MPa.

3.2.1.3 QCurrent Brine-Inflow Model and Assumptions. A predictive model

for brine inflow based on Darcy flow in a poroelastic medium has been
developed from in-situ test data :(Nowak et al., 1988). The brine-inflow rates
calculated using this model are consistent with existing brine-inflow data and
with the in-situ permeability measurements described above, and the model has

been used to predict brine inflow to waste-disposal rooms (Nowak et al.,

1988).

Several assumptions are inherent in the current brine-inflow model (Nowak
et al., 1988; Nowak and McTigue, 1987; Appendix A.6). Salt surrounding the
WIPP is assumed to be a homogeneous, isotropic medium that contains
interconnected porosity extending outward without bound. Initial and far-
field brine pressures are assumed in the calculations presented here to be

lithostatic, with the differential between these pressures and atmospheric
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pressure at the .excavation wall providing the primary driving force for brine
flow. The use of lithostatiec initial and far-field pressures provides an
upper bound on pore-pressure increases caused by excavation-related stresses.
No back pressure from the room contents is assumed. Darcy's Law, along with
elastic fluid and matrix compressibilities, is assumed to adequately describe

the flow process. Inelastic volumetric deformation of the salt is neglected.

This model has been used to analyze brine-inflow rates to moisture-release
~experiments (Nowak and McTigue, 1987; Nowak, 1986) and brine-inflow rates to
observation holes in the WIPP excavations (Nowak et al., 1988; Deal and Case,
1987; Appendix A.7). The results of these analyses are generally consistent
with each other and with the available in-situ permeability measurements
(Peterson et al., 1987a, 1987b), reinforcing the applicability of the Darcy-

flow model for predicting long-term brine inflow.

3.2.1.4 Uncertainties in the Present Understanding of Brine Inflow. The

flow of brine in low-permeability environments is a complex physical process
that has been the subject of limited laboratory, in-situ, and theoretical
research. Even though the current brine-inflow model is generally consistent
with field observations, much work remains to evaluate additional flow
mechanisms, system characteristics, and parameter uncertainties. Ongoing
studies that will more thoroughly characterize Salado hydrology include the
room-scale brine-infloﬁ experiment, pore;pressure and in-situ permeability
measurements, and model analyses of flow mechanisms. Several flow-mechanism
and system-characterization uncertainties that are currently under

investigation are discussed below.

Non-Darcy Flow. In low-permeability enviromments like the salt at WIPP,

much of the pore fluid is near the mineral surfaces of the porous matrix.
Under these conditions, interactions between the mineral surfaces and the
fluid may change the fluid properties in such a way that the fluid no longer
behaves as a Newtonian fluid (i.e., a fluid with viscosity independent of
velocity gradient). 1In practical terms, this may result in reduced "effective
conductivities" at low gradients or perhaps even in a threshold gradient,

below which no fluid flow occurs.
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Because measuring very low permeabilities in the laboratory is difficult,
non-Darcy-flow behavior is not well understood, and consensus in the
scientific community is yet to be reached concerning the exact physical
processes involved and how to quantify this behavior (Neuzil, 1986). Most
research on non-Darcy-flow behavior has focused only on clay materials
(Swartzendruber, 1962; Olsen, 1966; Kutilek, 1972; Elnaggar et al., 1974), and
almost no work has been done on salt materials. Because mnon-Darcy-flow
processes tend to inhibit flow, the use of a Darcy model tends to overestimate
flow rates (Remson, 1984). Therefore, the use of a Darcy model to predict
brine inflow may over-estimate brine-inflow rates and conservatively predict
brine quantities. Non-Darcy-flow behavior is being studied by quantifying the
differences in pore-pressure response adjacent to an excavation for each
model, so that the two models can be compared when adequate pore-pressure

information is available from field tests.

Stratigraphic Effects. The current brine-inflow model assumes that the
Salado Fm. in the vicinity of the WIPP excavation has homogeneous hydrologic
properties. The Salado Fm. is not a homogeneous medium; it contains well-
defined stratigraphic variations in mineralogy, texture, and physical
properties. Most 1likely, there are also stratigraphic variations in
hydrologic properties like permeability, porosity, and storage properties.
There is also direct evidence of stratigraphic wvariation in hydrologic
behavior. Distinct stratigraphic preferences are shown by brine seeps in the
walls of the facility (Deal and Case, 1987; Stein and Krumhansl, 1986). Moist
zones are associated with some of the coarsely crystalline halite layers
during coring (Deal and Case, 1987). Notably higher gas-injection rates have
been measured in Marker Bed 139 where it has been affected by stress relief
fracturing (Stormont et al., 1987; Borns and Stormont, 1988). Thus, in
addition to mnaturally occurring variation in hydraulic properties, the
evolution of the disturbed rock zone will superimpose additional heterogeneity
in the immediate vicinity of the excavation, because different lithologic

units will respond to excavation-related stresses in different ways.
Current studies of the impact of stratigraphic heterogeneities in the

field include direct in-situ measurements of brine-inflow rate and local-scale

permeability in several stratigraphic horizons at various distances from the
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excavation walls. In order to assess the potential impact of stratigraphic
effects on brine-inflow predictions, numerical simulations will ‘examine

various descriptions of the flow-system heterogeneities.

‘Characterization of the Storage Parameter in Salt Environments. - The

standard form of the ground-water flow equation assumes linear elastic fluid
and matrix behavior. In most natural systems, fluid compressibility is an
easily defined constant. As noted by Bredehoeft (1988), however, the presence
of gas associated with the brine in the salt at WIPP may cause higher
compressibilities in the brine than if it were a pure liquid. If all the gas
is" in solution, then its effect on fluid compressibility is relatively small

(Dodson and Standing, 1944), but if the gas comes out of solution, its effect

on overall system compressibility can be large. Short of explicitly modeling

the gas phase (discussed below), the presence of gas is best represented by

examining an increased range of fluid compressibility.

In most natural aquifer materials, the porous matrix behaves in a linear
elastic fashion. In contrast, salt deformation is dominated by inelastic
processes under many conditions. Little is known about inelastic volumetric
deformation in salt (Nowak et al., 1988; Appendix A.6), which introduces an
element  of uncertainty about the long-term compressibility of salt as it
affects ‘the storage parameter in the basic flow equation. Over an extended
period of time, salt may have an additional component of inelastic
deformation, and therefore, the "effective compressibility" may be larger than
the elastic compressibility that is measured in the laboratory or using
geophysical techniques. A similar increase in "effective compressibility" has
been proposed as an explanation for measured pdrosity-depth profiles that are
inconsistent with known elastic compressibilities for the geologic materials
along the profiles (Neuzil, 1986). 1In order to bound the possible effects of
inelastic volumetric behavior on estimates of brine inflow at' WIPP, an

increased range of matrix compressibility must be examined.

Fluid and matrix compressibility and porosity characterize the transient
storage response of the rock to hydraulic stresses. Increasing the value of

one or both of these parameters results in higher values for the storage

parameter. Increasing the value of the storage parameter causes higher flux -
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at early and intermediate times and also increases the amount of time required
for flow to attain steady-state conditions (Bredehoeft, 1988). Additional
work will be necessary to characterize the effect of storage-related

uncertainty on brine-inflow estimates for the WIPP.

Multi-Phase Flow. As noted above, naturally occurring gas is present in
brine from the Salado Fm. Small amounts of gas are associated with many of
the brine weeps that form on freshly mined surfaces. Gas is commonly exsolved
from solution when brine samples are poured from one container td another.
Gas is observed bubbling up through the brine in the observation boreholes in
the floor of the WIPP mine. Gas has been encountered in some of the

pressurized test intervals in the Salado Fm,

In a two-phase flow system, the gas component will come out of solution
when fluid pressure drops below a critical value that is a function of
composition, degree of saturation, and temperature. The gas-component phase
change is accompanied by large increases in volume and an associated release
of compressive energy. This type of phase change associated with a drop in
fluid pressure provides the primary driving force in many multi-phase oil

reservoirs (Muskat, 1949).

The exact role of gas in brine inflow at WIPP is yet to be determined.
Gas may play a passive role of exsolving in inconsequential volumes near the
mine face. If, in contrast, a large quantity of gas is coming out of solution
at some distance into the salt, gas may play a more active role and contribute
to the driving forces that move brine from the salt into the excavations. A
more detailed analysis of the impact of gas on brine inflow will require both
field measurements to characterize the pressure-volume behavior of the gas-
brine system and numerical analyses of possible multi-phase behavior in the

vicinity of an excavation.

3.2.1.5 Potential Drawbacks of Using Conservative Estimates for Brine

Inflow, Brine inflow to the WIPP excavation is a complex process involving

uncertainties in both flow mechanisms and parameter measurements. Various
. ﬁ

assumptions have been required to define the problem in a fashion that can be

adapted to numerical, predictive models. Most of these assumptions are
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conservative ‘and overestimate brine inflow, Although this approach provides a
conservative evaluation of brine inflow, it may complicate the assessment of
interactions between brine inflow and other processes. Given the complexity

of the brine-inflow process, this is the only tenable approach at this time.

The most important potential process interaction involving brine is the
generation of gas from the waste materials that will be buried at the WIPP.
If sufficient brine 'is present, the combination of microbial activity,’
canister corrosion, metal-waste corrosion, and radiolysis will produce large
quantities of gas (Section 4.2). Enough gas may be generated to create a
final repository state that consists of rooms that are unsaturated and that
contain pore space occupied primarily by gas near lithostatic pressure. Given
the current brine-inflow estimates, sufficient quantities of brine appear to
be available to allow gas generation to occur; however, it is easy to forget
that current estimates may be inherently high, not because of parameter-value
selections, but because of fundamental model assumptions. If ‘brine-inflow
rates are significantly less than the current estimates, gas production may be
limited by a restricted quantity of available brine, and the final ‘repositery
state may be different. Therefore, in light of the important interactions
between brine inflow and gas generation, brine inflow must be characterized as’
fully as possible, rather than characterized using an approach that results
only in conservatively high estimates of the upper bound. Given the
complexities of the' low-permeability salt ‘environment, accurate descriptions
of brine inflow will require a much larger effort than estimating upper bound
on ‘inflow rates and will require work on fundamental flow mechanisms in

addition to in-situ parameter measuremerits.

3.2.2 Chemistrv of Intergranular Brines of the Salado Formation

This section discusses the compositions of Salado brines in the repository
in the absence of interaction with waste, containers, and backfill. 1Initial
brine composition is a critical starting point in ‘evaluating potential
radionuclide solubilities (Section 4.5) and the potential for sorption within

the repository (Section 4.6). It also plays a direct role in evaluating the-
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potential for anoxic metal corrosion (Section 4.2) and possible variability of
radionuclide retardation within the Culebra Dolomite in the event of human

intrusion (Section 3.3.4).

Laboratory, modeling, and underground studies of repository and
radionuclide chemistry will require the definition of standard brines of
specified chemical composition. The selection of standard brines for these
investigations will comprise several steps. Fluids that could enter WIPP
disposal rooms after they are filled and sealed will be identified. Previous
chemical analyses of these brines will be evaluated, and in some cases
additional analyses will be made. The causes of chemical variations within
each type of brine will be assessed. Finally, the sensitivity of repository
and radionuclide chemistry to chemical variations within and between these
brines will be determined. Evaluation of previous chemical analyses,
additional analyses, and assessment of the causes of chemical variations might

also aid in developing a hydrologic model for the Salado Fm.

Three types of brinés could enter the repository. . First, intergranular
brines from the Salado Fm. at or near the repository horizon could enter the
drifts and disposal rooms. These brines are currently seeping into the WIPP
through the ribs and, to a lesser extent, the back and the floor, but rarely
accumulate because of evaporation caused by ventilating the mine. After the
repository is filled and sealed, however, the air trapped in voids will become
saturated, and these brines could accumulate. Intragranular brines (fluid
inclusions) that occur in the Salado Fm., in contrast, will not migrate in the
absence of a large thermal gradient; and will not be considered in studies of
repository and radionuclide chemistry. The second type of fluid occurs in
isolated but occasionally large pockets in the underlying Castile Fm. These
brines could enter the repository if an exploratory drillhole penetrates both
a disposal room and a brine reservoir. Finally, fluids from overlying
formations could seep down the shafts, along the drifts, and around or through
the seals to the disposal rooms. Because most of the fluids in the overlying
formations are undersaturated with respect to the minerals in the Salado Fm.,
they would dissolve salts from the backfill or the Salado Fm. In the process,
they would become saturated brines. The composition of these brines could

differ greatly, however, from the two other types of brines.
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Because intergranular Salado brines had not been observed prior to the
release of the FEIS (DOE, 1980a), this discussion focuses on the chemistry of
these brines. The chemistry of fluids from the Rustler Fm. is described in

* Section 3.3.2.

Two groups. are .studying the chemistry of intergranular brines from the
Salado Fmi‘ Stein and Krumhansl (1986, 1988) collected and analyzed brines
from five short (up to 20,.3-cm [8-in]) floor holes and 24 short (up to 25.4-cm
[10-in]) “horizontal holes in the northern, experimental aréa of the WIPP
underground workings., They referred to these samples of intergranular brines
as "brine weeps." Stein and Krumhansl (1986, 1988) also collected and
analyzed intergranular brines from 18 downholes in the northern area of the
mine., They referred to these holes, which extended to ‘depths of a few feet,
as "floor holes."™ Stein and Krumhansl will: collect and analyze additional
brines from new -horizontal holes (see below). Deal et al. (1989) collected’
brines from several drillholes that penetrate up to 15.2 m (50 ft) above the
back or below the floor of the drifts, as well as from a few short (up to 0.9
m [3 ft]) horizontal holes and a floor seep. These holes are also 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 the
International Technology: Corporation (IT) laboratory in Export, PA, and the
United Nuclear Corporation Geotech (UNC) laboratory in Grand Junction, CO, ‘for
chemical analysis.  In addition foAthe data reported by Deal et al. (1989),
the WIPP, performance assessment (PA) has evaluated unpublished BSEP results
provided by Paul Drez and Jonathan Myers of IT. This group will continue to
collect brine samples from these and additional holes and will send them to

one: or both of these laboratories for analysis.

: The evaluation carried out for the WIPP PA to date has identified
potentially important chemical variations within the available BSEP data. The
concentrations of .bromine (Br-), chloride (Cl-); and magnesium (Mg2+) in
brines collected from three BSEP upholes, for example, differ from the

concentrations of these elements in brines from'ten BSEP downholes. (Because

most of the BSEP data on ‘which these conclusions are based are still
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unpublished, these variations cannot be illustrated in figures or tables
here.) The concentrations of calcium (Ca2t), potassium (K*), sodium (Nat),
and sulfate (5042‘), in contrast, are similar in both BSEP upholes and
downholes. The BSEP has obtained data for boron (probably present mainly as
H3BO3 and HB4O07~ or H3BO3 and B(OH)4™, but_referred to as B3+ here), but the
concentrations of this element in upholes and downholes have not yet been
compared. The WIPP PA is not evaluating the results reported by the BSEP for
numerous minor and trace elements at this time, because these elements Will
probably not affect the studies of repository and radionuclide chemistry
significantly. The differences between the concentrations of Br-, Cl-, and
Mg2+ in BSEP upholes and downholes could result from different sampling
artifacts 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 as a result of evaporation caused by passage of the mine air
through small fractures induced by excavation of the drifts. As  they
evaporate, they could also change composition by reacting with minerals in the
back. Brines collected from the downholes could be contaminated by material
from the floor of the drifts during sampling. The differences between -the
concentrations of Br-, Cl-, and Mg2+ in BSEP upholes and downholes could also

result from stratigraphic differences in intergranular Salado brines.

Potentially important chemical variations also exist between the data
reported by Deal et al. (1989) and Drez and Myers of IT and the data obtained
by Stein and Krumhansl (1986, 1988). The concentrations of Br- and Cl- in
brines from BSEP upholes and downholes, for example, differ from the
concentrations of these elements in samples collected by Stein and Krumhansl
(1986, 1988) from 24 horizontal holes. The concentrations of Ca2+, K+, Mg2+,
Nat, and SO42- are 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 et al. (1989) and those
obtained by Stein and Krumhansl (1986, 1988) could result from sampling
artifacts like those discussed above or from stratigraphic differences. They
could also result from differences in the sampling techniques or the method of

shipping used by the two groups studying these brines, or they could result
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from differences between the laboratory techniques used at the IT and UNC

laboratories and those used by Stein. and Krumhansl (1986, 1988).

The WIPP Project is attempting to determine the causes of the chemical
variations observed in intergranular brines from the Salado Fm. A preliminary
statistical model of the possible causal factors discussed above is providing
guidance for an interlaboratory .comparison study using synthetic brines of
known composition and additional brine sampling and analysis by Stein and
Krumhansl. The study will examine factors such as spatial wvariations in the
chemistry of brines from a given stratigraphic horizon and temporal variations
in brine chemistry and in the sampling, shipping, and analytical techniques
used by each analytical laboratory. This additional sampling and analysis has
two objectives. First, it will determine whether, at a given stratigraphic
horizon within the drifts, there are significant differences in brine
chemistry between the northern, experimental area of the WIPP, and the
southern area, where waste will be emplaced. Very few brines from the
southern area have been sampled and analyzed. Second, it will ascertain
whether, at a given location within the mine, there are significant chemical
differences between brines collected from different stratigraphic horizons
within the drifts. Furthermore, laboratory studies of the possible effects of
the sampling artifacts discussed above might indicate whether these processes
contribute to observed variations in brine chemistry. The results of these
additional studies, along with additional results from the ongoing BSEP, might

lead to an improved understanding of the chemical variations discussed above.

Quantifying the causes of chemical variations in intergranular brines
might in turn aid the development of a hydrologic model of the Salado Fm.
Spatial and stratigraphic variations, for example, might constrain estimates
of the advective or diffusive transport of brines or dissolved solids and
gases through interconnected voids in the undisturbed rock and through
fractures in the DRZ. At this time, however, it is unclear whether spatial or
stratigraphic factors contribute to the observed variations in the chemistry

of these brines.

A standérd composition for. intergranular Salado brines is being defined at

this time, with the understanding that this composition might have to be

3-18



revised upon completion of additional studies of brine chemistry. This
standard brine, discussed below, is the best available estimate of the

"average" composition of intergranular Salado brines.

The standard brines (Table 3-4) were obtained in three steps. First, data
were included from chemical analyses of 29 brine weeps (Stein and Krumhansl,
1986, 1988) and from brines from 12 holes (ten long downholes, one short floor
hole, and one short horizontal hole) reported by Deal et al. (1989) and Drez
and Myers of IT. Data for fluid inclusions (Stein and Krumhansl, 1986, 1988).
were excluded, because intragranular brines will not migrate in the absence of
a large thermal gradient. Data for the floor holes (Stein and Krumhansl,
1986, 1988) were also excluded, although the data for these holes might be
included in the next standard brine, because they are similar to the brines
from downholes sampled by the BSEP. Furthermore, the datum for 5042' from
Sample 19 of Stein and Krumhansl (1986, 1988) is excluded, because the
reported value is so high that it is clearly erroneous. All data from the BTP
holes (a subset of the BSEP holes) and upholes sampled by Deal et al. (1989)
and Drez and Myers of IT were excluded, because the BTP holes are contaminated
with fluids from the Rustler Fm. spread in the mine to control dust and/or
from grout, and because fluids from the upholes probably changed composition

by evaporation or reaction with minerals in the back during accumulation.

Second, for those holes that yielded sufficient brine for replicate
analyses, the results for each element or chémical property have been averaged
to obtain one value for each sampling date. If two laboratories analyzed
samples obtained from a given hole on the same date and either or both of
these laboratories carried out replicate analyses, all of the replicate
results from both laboratories were averaged simultaneously to obtain one
value for that hole on that date. For holes sampled more than once, the
results for each element or chemical property from each sampling date were

averaged to obtain one value for each hole.

Third, the results for each element or chemical property from the 41 holes
considered were averaged to obtain an overall average for each element or
chemical property in this standard brine. The values for each hole were not

weighted for the integrated volume of brine that has accumulated in that hole
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;. Table 3-4.  Composition of "Standard" Intergranular Salado Brines

Element or

Chemical '

Property PAB 11 PAB 2 Brine A2 Brine B3
Alk. (mM)4 13.7 13.8 - -
Alk., ext. (mn)S 14.8 15.7 - ;

B3+ (mM)6 152 148 20 20

Br- (mM) 13 13 10 10
CaZ+ (mM) 10 | 9 20 20

Cl- (M) 6.04 . 6.02 5.35 . 4.93
Eh’/ - - - .

K+ (mM) 500 510 770 <5
MgZt+ (M) 1.0 1.0 1.44 <0.005
Nat (M) 3.9 3.9 1.83 '5.00
pH \ 6.0 :‘6.1 6.5 6.5
sc8 1.22 1.22 1.2 1.2
S042- (mM) 160 170 40 40
TDS? 385,000 378,000 306,000 297,000

TIC (mM)10 0.37 . : 10 10

1. Defined in Appendix A.
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.
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Table 3-4. Composition of "Standard" Intergranular Salado Brines
(continued)

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

4., Alkalinity reported as equivalent HCO3~, solutions titrated to pH =
4.5,

5. Extended alkalinity reported as equivalent HCO3~, solutions titrated
to pH = 2.5 to 3.0.

6. Probably present mainly as H3BOj.

7. Eh not measured with an Eh electrode or calculated theoretically,
but assumed to be similar to that of solutions in equilibrium with
atmospheric oxygen (see, for example, Garrels and Christ, 1965,
Figure 11.2)

8. Specific gravity.

9. Total dissolved solids.

10. Total inorganic carbon unspecified for PAB 2 because it varied by a

few orders of magnitude from sample to sample and was undetectable
in several samples. :

to date, for the most recently measured accumulation rate, or for any other
such factor. The differences between PAB 1 and PAB 2 (Table 3-4) arise mainly
from the fact that Drez and Myers of IT provided additional BSEP data after
the definition of PAB 1.

Different methods could have been used to define a standard intergranular
brine from the Salado Fm. and might be used in the future. The results of the
interlaboratory comparison study, for example, might imply that data from one
of the analytical laboratories should be excluded. Furthermore, it might be
‘preferable 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 some similar factor. This could, however, bias the
results in favor of the BSEP data at the expense of the data from Stein and

Krumhansl (1986, 1988). This is because the BSEP requires relatively large
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volumes of brine for their 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. 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 defining the "average" composition of

intergranular Salado brines.

Although PAB 2 is a preliminary estimate of the "average" composition of
intergranular Salado brines at or near the stratigraphic horizon of the WIPP
underground workings, a modeling study using the geochemical speciation and
solubility.code EQ3NR (Wolery, 1983; Jackson and Wolery, 1985) implies that
this brine is at or near equilibrium with the major and minor minerais that
make up most of the Salado Fm. (Stein [1985] characterized the mineralogy of
the Salado Fm. at and near the stratigraphic horizon of the repository.)
PAB 2 1is at or mnear equilibrium with anhydrite (CaSO04), basanite
(CaS04+0.5H20), gypsum (CaS04+2H»20), and halite (NaCl). ‘Because the

concentration of total inorganic carbon has not been determined reliably

(Table 3-4){ it is unclear whether PAB 2 is in equilibrium with magnesite

(MgCO03). Furthermore, the thermodynamic data base for EQ3NR does not include
a solubility product for polyhalite (KoMgCa9(S04)4+2H90); it is thus unclear
whether PAB 2 is in equilibrium with this mineral. Finally, it is unclear
whether PAB 2 is in equilibrium with clay minerals and quartz (SiOj), because
the ion interaction parameters required to compute the activity coefficients
for aluminum (A13+) and silicon (Si%*) in brines, and hence the solubilities
of clays and quartz in brines, have not been determined experimentally or

incorporated into the EQ3NR data base.

The standard brine PAB 2 represents the "average" composition of
intergranular Salado brines prior to reactions with backfill additives, drums,
waste boxes, or the radiocactive or nonradioactive constituents of TRU waste.

These reactions could change the composition and chemical properties,

especially the Eh and pH, of PAB 2 or any other standard brine. Microbial

activity and corrosion of metals will decrease the Eh of any brine present.
Microbial activity, for example, could decrease the Eh to wvalues

characteristic of denitrification, the reduction ef manganese(IV) oxides, the
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reduction of iron(III) oxides, or even 5042' reduction. The specific numeri-
cal values of Eh for any of these processes depend on pH, which cannot be
predicted yet. Microbial production of carbon dioxide (C02) could decrease
the pH of the brine to acidic values. Reactions between brine and the cements
used in grouting some of the drums and in seals could increase the pH to basic
values. Reactions between brine and three of the proposed backfill additives
for the removal of COp, calcium oxide (Ca0), potassium hydroxide (KOH), and
sodium hydroxide (NaOH), could increase the pH to wvery basic values. One
objective of laboratory, modeling, and underground studies of repository
chemistry will be to quantify the effects of reactions 1like these on the

composition, Eh, and pH of any brine present.

3.3 Rustler Formation

The hydrologic data for the Rustler Fm. at the time of the FEIS (DOE,

1980a) were derived from testing performed at eight locations (Cooper and
Glanzman, 1971; Mercer and Orr, 1979). Since that time, 33 additional well
sites have been established and considerable testing (in some cases retesting)
has been performed. Thus, the hydrology of the Rustler Fm. is much better
understood today than at the time of the FEIS. The FEIS recognized three
water-producing units within the Rustler Fm. (the Rustler-Salado contact zone,
the Culebra Doloﬁite, and the Magenta Dolomite), but lumped the Magenta and
Culebra together as a single "Rustler aquifer" during modeling. Today, five
water-producing units are recognized: the lower siltstone portion of the
unnamed lower member and the Rustler-Salado contact, the Culebra Dolomite, the
Tamarisk claystone, the Magenta Dolomite, and the Forty-niner claystone
(Figure 3-1). These water-producing units are separated by evaporitic confin-
ing beds. The hydrologic properties of each of these units, abstracted from

Holt et al. (1989), are summarized below.

Some disagreement remains about the extent and significance of halite
distribution and evaporite dissolution within the Rustler Fm. The detailed
stratigraphic division of the Rustler Fm. shown in Figure 3-1 is updated from
similar detailed divisions developed by Snyder (1985) and Lowenstein (1987).
The distribution of Rustler halite indicated in Figures 3-2 (p. 3-29),
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FORMAL
GEOLOGIC
NOMENCLATURE

DEWEY LAKE RED BEDS

DIVISIONS OF
HOLT AND POWERS
(1988)

HYDRO-
STRATIGRAPHIC
DIVISIONS

SILTSTONE/CLAYSTONE

WATER-PRODUCING

- RUSTLER FORMATION

FORTY-NINER MEMBER

ANHYDRITE 6

CONFINING BED 6

MUDSTONE/HALITE 4

WATER-PRODUCING UNIT §

ANHYDRITE 4

CONFINING BED 5

MAGENTA DOLOMITE
MEMBER

MAGENTA DOLOMITE

WATER-PRODUCING UNIT 4

CONFINING BED 4

WATER-PRODUCING UNIT 3

CONFINING BED 3

LOWER MEMBER

WATER-PRODUCING
UNIT 2

) ANHYDRITE 3
TAMARISK MEMBER
MUDSTONE/HALITE 3 ~
) ‘ ANHYDRITE 2
CULEBRA DOLOMITE
LEBR MITE
" MEMBER CULEBRA DOLO!
MUDSTONE/HALITE 2
ANHYDRITE 1
MUDSTONE/HALITE 1
UNNAMED: -

CONFINING BED 2
CONFINING WHERE HALITE
WATER-PRODUCING
* WHERE MUDSTONE

TRANSITIONAL SANDSTONE
ZONE

BIOTURBATED
CLASTIC INTERVAL

SULFATE UNIT.

SALADO FORMATION

HALITE

WATER-PRODUCING
UNIT 1.

CONFINING BED 1
CONFINING BED

TRI-6330-81-0

Figure 3-1. Hydrostratigraphic column of the Rustler Fm. near the WIPP site
(Holt et al., 1989).
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3-4 (p. 3-37), and 3-6 (p. 3-44) is similar to halite-distribution patterns
given by Snyder (1985) and Chaturvedi and Channell (1985), but is based on

more-extensive and more-recent core examination.

In broad terms, Snyder (1985), Lowenstein (1987), and Chaturvedi and
Channell (1985) interpreted the original distribution of halite within the
Rustler Fm. to be laterally continuous within the region of the WIPP site and
interpreted local absence of halite in a given stratigraphic interval where it
is known to occur elsewhere as the result of evaporite dissolution. This
interpretation tends to maximize the amount of Rustler dissolution. In
contrast, Holt and Powers (1988) and Holt et al. (1989) concluded that much of
the variability in distribution of Rustler halite is primary (depositional)
and that Rustler dissolution has been limited in extent. The two differing
interpretations have little impact on WIPP performance, because, as summarized
by Lappin (1988), extrapolation of the maximum dissolution rates indicates no
threat to the WIPP repository within 10,000 years. The two interpretations
might, however, affect the amount of change in local Rustler flow and
transport properties expected over the next 10,000 years. This question is
not specifically addressed here; the current calculations of long-term
performance (Chapters 6.0 and 7.0) do assume, however, current estimates of

both "expected" and "degraded" Culebra properties.

Sections 3.3.2 and 3.3.3 discuss the geochemical variability of Rustler
ground waters and the implications of the variability and isotopic studies in
interpreting the transient hydrologic and geochemical setting of the WIPP
site. The information in these sections plays little direct role in the long-
term performance calculations of Chapters 6.0 and 7.0, However, the geo-
chemical information contained in Section 3.3.2 plays a critical role in
estimating radionuclide-retardation coefficients (Kg’'s) in the Culebra
Dolomite (Section 4.6). Similarly, interpretations in Section 3.3.3 play a
major role in interpreting limited vertical ground-water movement within the

Rustler Fm. (Section 3.3.1).
Radionuclide-transport calculations in the WIPP FEIS assumed porous-medium

behavior and could not evaluate variations in ground-water composition

(Table 1-1). Neither conclusion now appears adequate. Section 3.3.4
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discusses the expected radionuclide distribution coefficients (Kg's) within
the Culebra Dolomite, largely independent of the presence of fractures. The
expected effectiveness of radionuclide retardation within fractured portions

of the Culebra Dolomite is contained in Chapter 7.0 and Appendix E.

3.3.1 Physical Hvydrology

The following are the major conclusions of Section 3.3.1.

» There are five water-bearing zones within the Rustler Fm., rather than the
three recognized at the time of the FEIS. In ascending order, these zones
are the siltstone portion of the lower unnamed member and the
Rustler/Salado contact; the Culebra Dolomite; the Tamarisk claystone; the
Magenta Dolomite; and the Forty-niner claystone. At and near the WIPP

site, the Culebra Dolomite dominates flow.

. The transmissivity of the lower claystone is generally <6 x 10-10 m2/s,
except where dissolution of the upper Salado Fm. has occurred. Flow in
this interval appears to be generally westward, except within Nash Draw,

where it is southwesterly.

+ The transmissivity of the Culebra Dolomite ranges over as much as six
orders of magnitude at the WIPP site and in Nash Draw, from <10-7 to >10-3
m2/s. The variability is apparently a direct result of fracturing. Except
in Nash Draw, the Culebra Dolomite appears to be effectively confined by
Tamarisk anhydrite, gypsum, and siltstone in the unnamed member. Modern
flow within the Culebra Dolomite is southerly near the site and south-
westerly in Nash Draw. South of the site, flow is épparently to the west,
although there is considerable uncertainty in actual flow directions,

because of very gentle gradients and variable brine density.

+ In general, Culebra tests indicating transmissivities between 10-6 and 10-%4
m2/s show evidence of fracture flow. Effective fractures are not present
in boreholes with lower transmissivity. In addition, perhaps because of
very closely spaced fractures, tests indicating higher transmissivities do

not show hydraulic effects of fracturing.
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Except in Nash Draw, the Tamarisk claystone is separated from the Magenta
and Culebra Dolomites by intervening anhydrite and gypsum. The Tamarisk
claystone has been tested at only four locations; at all four the
transmissivity was too low to interpret. No hydraulic-head data are avail-

able from the Tamarisk Member.

The tranémissivity of the Magenta Dolomite is generally at least an order
of magnitude below that of the Culebra Dolomite, i.e., generally <10-7 m2/s
east of Nash Draw. Modern regional flow within the Magenta Dolomite
appears to be to the west near the site and to the southwest in Nash Draw,

quite distinet from general flow directions within the Culebra Dolomite.

The Forty-niner claystone, bounded above and below by relatively
impermeable anhydrité, has been tested at only three locations, where its
transmissivity is estimated to be 10-8 to 10-9 mz/s. Forty-niner
transmissivity may be higher in Nash Draw,; but it has not been tested
there. Forty-niner heads estimated at H-3d, H-14, H-16, and DOE-2 are

below those of the underlying Magenta Dolomite.

Where there has been little evaporite dissolution, relative heads within
the Rustlér‘Fm. indicate vertical flow into the Culebra Dolomite from below
and above, i.e., the Culebra is draining the Rustler system. However, the
difference between hydraulic head potentials in the different units indi-
cates that this drainage is very slow. At the site, the relative head
potentials between the Magenta and Forty-niner Members indicate that there
is no modern vertical recharge from the Dewey Lake Red Beds into any por-.
tion of the Rustler Fm. below the Forty-niner Member. West of the site,
however, the decreasing difference between Magenta and Culebra heads may
indicate a combination of westward and downward drainage of the Magenta

Dolomite.

In general, modern flow within the Rustler Fm. is toward the west and then
parallel to the axis of Nash Draw. The notable exception is the Culebra
Dolomite, in which flow near the site is to the south. With the exception
of the Culebra, the flow directions would generally be interpreted to indi-

cate recharge from the north and east. The units to the north and east are
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deeper and are separated by thicker confining beds than at the site. These
results, especially when combined with the geochemical variability of
Culebra ground waters (Section 3.3.2) and isotopic interpretations (Section
3.3.3), indicate that modern flow directions within the Rustler Fm.,
specifically including the Culebra Dolomite, do mnot reflect flow from a
modern recharge area to a modern discharge area, but rather reflect a

.recharge-and-discharge cycle.

3.3.1.1 Unnamed Lower Member and Rustler/Salado Contact. The unnamed

lower member of the Rustler Fm. is composed of a layered sequence of clayey
siltstone, gypsum/anhydrite, and halite. In the vicinity of the WIPP, the
thickness of the unnamed lower member ranges from 24 m (78.8 ft) (at ERDA-6)
to 46 m (150 ft) (at P-18). The siltstone water-producing unit Withiﬁ the
unnamed lower member generally has a transmissivity of <6 x 10-10 m2/s. Where
dissolution of the upper Salado Fm. has occurred, the transmissivity of the
unnamed member is higher, and the "brine aquifer" present in the upper Salado
residuum may be hydraulically continuous with the unnamed member siltstone.
Hydraulic heads in the unnamed member and upper Salado Fm. indicate ground
water flows westerly toward Nash Draw and éouthwesterly down the axis of Nash

Draw.

From a hydrostratigraphic point of wview, the bottom several feet of the
unnamed member, consisting of anhydrite/gypsum, polyhalite, and halite,
represent a confining bed indistinguishable hydraulically from the underlying
Salado Fm. The lower siltstone unit of the unnamed member (the transition
zone and bioturbated clastic interval of Holt and Powers [1988]) can be
considered to be the lowermost Rustler water-producing zone, and the overlying
halite and anhydrite/gypsum units act as another confining bed. The top unit
of the unnamed member is composed of siltstone, mudstone, and claystone. At
some locations south and east of the WIPP site, such as P-18, this unit also

contains halite (Holt and Powers, 1988).

.West and southwest of the WIPP site, where halite in the upper Salado and
lower Rustler Fms. has been dissolved (Figure 3-2), a highly transmissive zone
exists in the residuum of the upper Salado Fm. at the contact with the Rustler

Fm.; Robinson and Lang (1938) referred to this zone as a "brine aquifer."
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Figure 3-2. Distribution of Rustler halite and transmissivities of the

unnamed lower member and Rustler/Salade contact zone (Holt et
al., 1989). ‘
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Brecciation of the unnamed lower member has been observed in Nash Draw, where
the upper Salado Fm. has been dissolved (Holt and Powers, 1988), but the
degree to which this brecciation may have enhanced transmissivity or decreased
the effectiveness of the unnamed member confining beds is unclear. If the
anhydrite, gypsum, polyhalite, and halite at the bottom of the Rustler Fm. are
dissolved, however, the brine aquifer is probably hydraulically continuous
(i.e., not separated by a confining bed) with the unnamed member siltstone.
Where dissoiution of the upper Salado Fm. has not occurred, no significant
permeability is associated with the upper Salado Fm. and its contact with the
Rustler Fm., and'thé lower siltstone provides the only water-producing unit in

the lower Rustler and upper Salado Fms.

Mercer (1983) reported values of transmissivity for the "Rustler-Salado
contact residuum" from 20%10§ations in the vicinity of the WIPP site. These
values and an édditional value (H-16) reported by‘Beauheim (1987c¢) are shown,
along with thé'locations of the wells at‘which the measurements were made, in
Figure 3-2. A summary of test information from these locations is presented
in Table 3-5. Tests at H-8¢c, WIPP-25, WIPP-27, WIPP-28, and WIPP-29 were
conducted over intervals contained entirely within the upper Salado Fm. (Table
3-5). Transmissivity values reported for these locatiomns, although based on
brine testing and therefore reliable,  are not representative of the water-

producing unit within the unnamed lower member of the Rustler Fm.

Test intervals at the other wells varied in length between 7 and 44 m (23
and 144 ft) with different stratigraphic coverages, but all included at least
the lower 2 m (6.6 ft) of the Rustler Fm. and the upper 1 m (3.3 ft) of the
Salado Fm. Most of the transmissivity values for the Rustler-Salado contact
zone range from 3 x 10-11 to 6 x 10-10 m2/s. No correlation is ewident
between test-interval thicknesses and transmissivities. - If the measured
transmissivities are considered to be derived entirely from Whatever‘poftions
of the 1ower~si1tst§ne of the~unnamed member were included in the test
intervals, the average hydraulic conductivity of the siltstone ranges from
about 7 x 10-12 to 1 x 10-10 m/s. Transmissivities greater than 6 x 10-10
m2/s were measured at five locations. Dissolution of the upper Salado Fm. has
occurred: at . four' of .these locations (H-6c, H-7c¢, P-14, and WIPP-26; Figure
3-2), and the test intervals included 4 to 12 m (13 to 39 ft) of the upper
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Table 3-5. Summary of Hydraulic Testing of the Unnamed Lower Member and Upper Salado Fm. (Mercer and Orr,
1979; Mercer et al., 1981; Dennehy, 1982; Dennehy and Mercer, 1982; Mercer, 1983; Richey, 1986,
1987a; Beauheim, 1987a).

Unnamed

Lower

Member Depth

Depth Interval Completion

Interval Tested Interval Transmissivity

_Well _(m) ) (m) (m?/s) Comments
H-1 213-249a 213-257 245-252 3 x 10-10
H-2¢ 197-233 226-242 226-242 1 x 10-10
H-3(bl) 212-250 244-265 248-255 3 x 10-10
H-be 157-191 186-201 186-201 6 x 10-10
H-5¢ 282-317 312-328 312-328 3 x 10-11
H-6¢ 191-220 213-226 213-226 3 x 10-9 top of Salado salt at 220 m
H-7c 84-116a 109-128 109-128 7.8 x 10-7 top of Salado salt at 123 m
H-8¢ 187-223 224-246b 224-246 3 x 10-9 top of Salado salt at 243 m
H-9¢ 206-241 239.249 239-249 2 x 10-10
H-10c 424-458 452-469 452-469 9 x 10-11
H-16 :221-257 225-259 225-259 2 x 10-10
P-14 181-209 206-213 206-213 5 x 10-8 top of Salado salt at 212 m
P-15 133-165 162-171 162-171 4 x 10-10
P-17 178-218 214-221 214-221 2 x 10-10
P-18 286-332 328-335 328-335 3 x 10-11
WIPP-25 144-172 176-185b 176-185 5 x 10-6 top of Salado salt at 183 m
WIPP-26 64-94 69-100 69-100 4 x 10-7 top of Salado salt at 98 m
WIPP-27 97-127 130-140b 130-140 2 x 10-10  top of Salado salt at 155 m
WIPP-28 136-162 167-180b 167-180 9.4 x 10-7 top of Salado salt at 180 m
WIPP-29 13-44 66-76P 66-76 9 x 10-6 top of Salado salt at 77 m
WIPP-30 199-228 223.230 223-230 2 x 10-7

a. Revision of published depth by R.P. Snyder, USGS, personal communication

b. No Rustler tested




Salado Fm. and residuum, which probably contributed the increased
transmissivity. Only the value from WIPP-30, 2 x 10-/ m2/s, cannot be

explained by dissolution-related transmissivity enhancement.

Few measurements have been made of the stabilized water level or fluid
pressure of the unnamed lower member or Rustler-Salado contact zone. Water
levels take months or years to stabilize in wells.completed in low-
transmissivity zones like the unnamed member. Most of the wells in which the
lower Rustler and upper Salado Fms. were tested did not remain completed to
those zones long enough for water levels to stabilize, but were instead
recompleted to allow testing and monitoring of overlying units. As a result,
reliable water-level data are available only from those wells where unnamed

member or Rustler-Salado transmissivities >10-10 m2/s were measured.

Richey'(1987b) presented water-level data collected from the Rustlef-
Salado contact zone by the USGS between 1977 and 1985. Stabilized water
levels were attained only in wells H-6¢, H-7c¢, H-8c, P-14, WIPP-28, and
WIPP-30. Water levels appeared to be stabilizing in WIPP-25, WIPP-26, and
WIPP-29 during their monitoring periods; the last measurements can be used as
minimum water-level'éltitudes at: those locations. Of the other wells where
‘Rustler—Salado water levels were measured, only the data from H-2c¢c are
adequate to. place a lower bound on the stabilized water-level altitude that is
useful in understanding flow difections.‘ A similarly useful upper bound can
be placed on the stabilized water-level altitude at H-16 using fluid-pressure

data (Beauheim, 1987c).

Water-level altitudes were measured in the 11 wells listed above
(Figure 3-3). Drawing conclusions from these data is difficult, because the
specific gravity of the Rustler-Salado water is different in each well.
Converting the water-level altitudes to freshwater-head altitudes (the
altitude at which a column of fresh water would stand while exerting the same
pressure at the midpoint of the well-completion interval as the actual water
in the we11§ provides a mofe useful basis for evaluating general directions of
groundawatér flow. Becéuse of: the dip of the Rusfler Fm., howevef,
freshwater-head altitudes calculated from the midpoints of the well-completion

intervals do not share a common elevation datum, and therefore should be
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considered only qualitative indicators of potential flow directions.
Moreover, any éonversion to freshwater head is only as good as the estimate of
the specific gravity (or fluid density) of the water in the well at the time
of the water-level measurement. The freshwater-head altitudes shown in
Figure 3-3 were estimated usihg specific-gravity data presented by Mercer

(1983), Richey (1987a), and Beauheim (1987c¢). Most of the specific-gravity

measurements were made at or near the time of the water-level measurements,

and the freshwater-head estimates in those cases are probably accurate within
3 m. The times of the specific-gravity measurements at H-2¢, P-14, WIPP-25,
and WIPP-28 are unknown, however, making the freshwater-head estimates at
those locations less certain. Table 3-6 summarizes the hydraulic-head data

available for the unnamed lower member and upper Salado Fm.

Consideration of the estimated freshwater heads shown on Figure 3-3
indicates several things. First, the heads at the wells completed entirely in
the upper Salado Fm. (H-8c, WIPP-25, WIPP-28, and WIPP-29) do not seem to
differ significantly from the heads at the wells completed across the Rustler-
Salado contact, ihdicating probable good hydraulic communication between the
brine aquifer in the upper Salado residuum and the lower Rustler siltstone.
Second, the heads are consistent with Mercer's (1983) interpretation that flow
through the low-transmissivity sections of the Rustler-Salado is generally
westerly or southwesterly across the WIPP site toward the sink represented by
the high transmissivities in Nash Draw, while the flow within Nash Draw is
generally southwesterly toward Malaga Bend on the Pecos River. Flow from the
southeast (H-7c¢ and H-8c) may be westerly toward the river or northwesterly

toward the higher transmissivities within Nash Draw.

3.3.1.2 Culebra Dolomite. The Culebra Dolomite Member of the Rustler Fm.

is a finely crystalline, locally argillaceous and arenaceous, vuggy dolomite

ranging in thickness from 7 m (23 ft) (at DOE-1 and other locations) to 14 m
(46 ft) (at H-7) near the WIPP. The Culebra Dolomite is generally considered
to provide the most important potential ground-watériétansport pathway for
radioﬁuclides that may escape from the WIPP to the accessible environment.

Accofdingly, the WIPP Project has devoted much attention to understanding the

hydrogeology and hydraulic properties of the Culebra. One early observation, .-

first documented by Mercer and Orr (1979), was that the transmissivity of the
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a. Converted from pressure data presented in Beauheim (1987c)

Table 3-6., Hydraulic-Head Information for the Unnamed Lower Member and Upper Salado Fm.
Freshwater-
Depth to Head
Ground- Middle of Borehole- Freshwater- Depth to Elevation
Surface Stabilized Completion Fluid Head Middle of at Midpoint
‘ Elevation Depth to Interval Specific Elevation Culebra of Culebra
_Well (m amsl) Water (m) (m) Gravity (m_amsl) (m) (m amsl)
H-2c¢ 1030 <105 234 1.225 >954 193 >945
H-6¢ 1020 125 219 1.21 915 188 908
H-7¢ 964 61 118 1.048 906 78 904
H-8c 1046 140 235 1.13 919 183 913
H-16 1039 ©>1058 242 1.2 <961 217 <956
P-14 1024 118 210 1.126 918 178 914
WIPP-25 979 <73 181 1.093 >917 140 >913
WIPP-26 961 <58 85 1.04 >903 60 >903
WIPP-28 1020 89 173 1.152 944 132 938
WIPP-29 907 5-9 71 1.072 903-907 -8 896-903
WIPP-30 1045 144 226 1.202 917 196 911




Culebra Dolomite varies by six orders of magnitude in the vicinity of the WIPP
site. This variation in transmiséivity appears to be the immediate result of
differing degrees of fracturing within the Culebra Dolomite. The cause of the
fracturing, however, has been a topic of speculation that 1is as yet

unresolved.

The Culebra Ddlomite is underlain by a siltstone/mudstone/claystone unit
of the unnamed lower member, and overlain by an anhydrite unit of the Tamarisk
Member (Figure 3-1), both of which have lower hydraulic conductivities than
the Culebra Dolomite and serve to confine it hydraulically. The underlying
siltstone likely provides a source of leakage to the Culebra, but the
overlying anhydrite is relatively nonleaky. In Nash Draw, fracturing and
possibly dissélution of the Tamarisk Member has probably made it less
effective as a confining bed. Where the Culebra Dolomite is only 3 m (10.ft)
below land surface at WIPP-29, it may be unconfined. The degree of confine-

ment is uncleér at H-7 and WIPP-26.

Mercer (1983) reported values for Culebra transmissivity at 20 locations.
Beauheim (1987c) provided values for Culebra transmissivity at 15 new loca-
tions and new estimates at 7 locations for which wvalues had previously béen
reported. Combined with testing performed for Project Gnome (Cooper and
Glanzman, 1971) and other recent work performed at DOE-2 (Beauheim, 1986), H-3
(Beauheim, 1987a), H-11 (Saulnier, 1987), WIPP-13 (Beauheim, 1987b), AEC-7
(Beauheim, 1989a), and D-268 (Beauheim, 198%9a), the Culebra has been tested at
41 locations in the vicinity of the WIPP (Table 3-7). Figure 3-4 shows these
41 locations,‘the most recent transmissivity wvalues at each location, and the
distribution of halite within the Rustler Fm. over the same area. In general,

the highest Culebra transmissivities (>10-%# m2/s) are found in areas where no

halite is present in the Rustler Fm., and the lowest transmissivities (<2 x

10-7 m2/s) are found in areas where halite is present in at least the Tamarisk
and unnamed lower members of the Rustler Fm, Where halite is present only in

the unnamed lower member, a wide range of transmissivities is found.

Culebra tfansmissivities of about 1 x 10-6 m2/s or greater appear to be

related to fracturing. Where the transmissivity of the Culebra Dolomite is

less than 10-6 mz/s, few or no open fractures have been observed in core, and

3-36




WIPP-28.1.9x 107 e

WIPP-27,7.0 x 107
L

° AEC-7,2.8 x 107
L]

Q~ — 7 —
1y e =7
)
N Q
\\\\‘
S
S
o e & > WIPP-25, 2.9 10"
*y
NN
© o
- i, o 40 x 107
26 13x 102 . °o' el © o
WIPP-26, i‘ 3x10 © p-14, 15 x 107 o o 5;3'*,319,& nY
< Yo oo 2,75x107 M-t 0ax1w0? 14
2 ®H-3.25x 100 ‘
W s © thdsitoT® o oed ) ®P-18,< 43x 107
2 g 3 1
s 40 ° of pasgExig® DO ‘_f‘o‘( ) WIPP-SITE
® WIPP-29, 1.1 x 10 D-268, 20x106 ® 2~ H-11,29x107e I BOUNDARY
3
.y H-4c, 7.0% 107 7 ©
o .CABIN BABY-1.3.0 10
N /é;;,_ ° fo ° - A o 'yt
P ) LY
s A\ ° A /H-17.24 x 1077
2 P-17.1.1x10°6 | ° -
s 'I \ —_——
H-7, >11x10 % H12.1.9x107 & /\
5 o
\\i’b ° \\o N
o ct—
§i\ T —— e ——e_ ©
dy o \\
A g TS o
g & s °
. o, ° H-10b, 7.5 x 1078
e T ° 0g0 o
¥ ERDA-10 °
¥ .
wny . 4 o o —
. USGS-1,5.1x 10 Y o \ .
b
= oo / ? °
§ 2 4 o/
- H-9,12x 10
: by 5
=, ENGLE, 4.6 x 10
4 ? o
[+]
H-8b, 8.8 x 10 ° \,,
L ] \
LEGEND
WELL TESTED
®H-5,2.2 x 107 9 ? ? ? km
A CULEBRA TRANSMISSIVITY, m2/s ——" —
SCALE

o CONTROL POINT

WESTERN MARGIN OF HALITE IN FORTY-NINER MEMBER

WESTERN MARGIN OF HALITE IN TAMARISK MEMBER

WESTERN MARGIN OF HALITE IN UPPER MUDSTONE {M-2) IN UNNAMED MEMBER
WESTERN MARGIN OF HALITE IN LOWER MUDSTONE (M-1} IN UNNAMED MEMBER
EASTERN MARGIN OF UPPER SALADO DISSOLUTION

Figure

3-4,

TRI-6330-94-0

Distribution of Rustler halite and transmissivities
Culebra Dolomite (Holt et al.,

1989).

3-37

of the




Table 3-7. Summary of Transmissivity Data for the Culebra Dolomite

Culebra
Depth ’
Interval Transmissivity
Well ~ (m) (m2/s) Reference
AEC-7 265-273 2.8 x 10-7 Beauheim (1989a)
Cabin Baby-1 153-161 3.0 x 10~/ Beauheim (1987c)
D-268 ©113-119 2.0 x 10-6 Beauheim (1989a)
DOE-1 250-257 1.2 x 10-2 Beauheim (1987c)
DOE-2 251-258 9.6 x 10-9 Beauheim (1986)
Engle ~ 201-208 4.6 x 10-5 Beauheim (1987c)
ERDA-9 215-222 4.9 x 10-7 Beauheim (1987c¢)
H-1 206-213 9.4 x 10-7 " Beauheim (1987c¢)
H-2 190-197 7.5 x 10-7 Beauheim (1989b)
H-3 205-212 2.5 x 10-6 Beauheim (1987a)
H-4c¢ 149-157 7.0 x 10-7/ Beauheim (1987c)
H-5 273-280 2.2 x 10-7 Mercer (1983)
H-6 150-156 3.5 x 10-5 Beauheim (1989b)
H-7 72-86 >1.1 x 10-3 Mercer (1983)
H-8b 179-187 8.8 x 10-6 Beauheim (1987c¢)
H-9 197-206 1.2 x 10-4 Beauheim (1989b)
H-10b 415-424 7.5 x 10-8 Mercer (1983)
H-11 223-230 2.9 x 10-5 Saulnier (1987)
H-12 251-259 1.9 x 10-7 Beauheim (1987c)
H-14 166-174 3.2 x 10-7 Beauheim (1987c¢)
H-15 262-269 1.4 x 10-7 Beauheim (1987c¢)
H-16 214-221 8.6 x 10-7 Beauheim (1987c)
H-17 215-223 2.4 x 10-7 Beauheim (1987c¢)
H-18 210-217 2.2 x 10-6 Beauheim (1987¢)
P-14 175-181 1.5 x 10-4 Mercer (1983)
P-15 : 126-133 9.8 x 10-8 Beauheim (1987c)
pP-17 170-178 1.1 x 10-6 Beauheim (1987c)
pP-18 277-286 <4.3 x 10-9 Beauheim (1987¢)
USGS-1 158-167 5.1 x 10-4 Cooper and Glanzman (1971)
WIPP-12 247-255 1.1 x 10-/ Beauheim (1987c)
WIPP-13 214-221 7.4 x 10-5 Beauheim (1987b) -
WIPP-18 240-246 3.2 x 10-7 Beauheim (1987c)
WIPP-19 , 230-237 6.5 x 10-7 Beauheim (1987c)
WIPP-21 222-230 2.7 x 10-7 Beauheim (1987c)
WIiPP-22 , 226-233 4.0 x 10-7 Beauheim (1987c¢)
WIPP-25 L 136-144 2.9 x 10-% Mercer (1983)
WIPP-26 .. 57-64 1.3 x 10-3 : Mercer (1983)
WIPP-27 89-97 7.0 x 10°%4 Mercer (1983)
WIPP-28 128-136 1.9 x 10-5 Mercer (1983)
WIPP-29 4-13 1.1 x 10-3 Mercer (1983)
WIPP-30 192-199 1.9 x 10-7 Beauheim (1987c)
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the Culebra’s hydraulic behavior during pumping or slug tests is that of a
single-porosity medium. Where transmissivities are between 10-6 and at least
10-4 m2/s, open fractures are observed in core, and the hydraulic behavior of

the Culebra Dolomite during pumping tests is that of a double-porosity medium.

Double-porosity media have two porosity sets that differ in permeability
and storage volume. Typically, one porosity set is a fracture network, with
higher permeability and lower storage, and the other is the primary porosity
of the rock matrix, with lower permeability and higher storage. Where the
transmissivity of the Culebra Dolomite is greater than 10-%4 mz/s, Culebra core
is heavily fractured, to the point of brecciation. Double-porosity hydraulic
behavior is less apparent in these highly transmissive areas, perhaps because
matrix-block size decreases as fracture frequency increases; decreasing the
time lag observed between the hydraulic response of the fractures and that of

the matrix.

In most wells completed in the Culebra Dolomite, water levels have been
measured regularly since the wells were constructed. Because about 60 wells
are currently or were once completed in the Culebra, abundant water-level data
are available. Culebra water levels at and around the WIPP site have been
affected, however, by continuous drainage into one or more WIPP shafts since
the construction of the Exploratory Shaft (now the Construction and Salt-
Handling Shaft) in late 1981, as well as by numerous pumping tests and water-
quality sampling exercises conducted since 1980. Thus, defining the
potentiometric surface of the Culebra Dolomite undisturbed by WIPP activities
is difficult. LaVenue et al. (1988) thoroughly reviewed Culebra water-level
data, fluid-density data, and WIPP-related hydraulic stresses and estimated
the undisturbed freshwater-heads at 31 wells. These estimates (Table 3-8) are
contoured in Figure 3-5. The freshwater-head contours indicate a south-
westerly flow direction down Nash Draw, a southerly flow direction across the
WIPP site, and an area of low gradients with apparently westerly flow south of
the site. Davies (1989) reported that flow directions in this southern area
of low hydraulic gradients are difficult to define reliably, because varia-
tions in fluid density within this part of the Culebra Dolomite may be as

important as pressure differences in determining flow directions.
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Figure 3-5. Estimated freshwater heads in the Culebra Dolomite Member
(LaVenue et al., 1988).
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Table 3-8. Hydraulic-Head Data for the Culebra Dolomite

Freshwater-
Head
Ground- Freshwater- Depth to Depth to Altitude
Surface . Head Middle of Fluid Middle of at Midpoint
Altitude Altitude Culebra Specific Magenta of Magenta
Well (m) (m)a (m) Gravityd (m) (m)
Cabin Baby-1 1014 911 157
DOE-1 © 1056 915 254
DOE-2 1042 935 255 1.041 217 934
H-1 1036 922 210 1.022 176 921
H-2bl 1030 924 193 1.009 161 923
H-3bl - 1033 917 208 1.036 174 916
H-4b 1016 913 155 1.016 118 913
H-5b 1068 934 277 1.102 243 930
H-6b 1020 932 188 1.039 153 931
H-7b 964 913 79
H-8b 1047 912 183 1.000 145 912
H-9b 1038 907 202 1.001 164 907
H-10b - 1124 921 419 1.047 386 919
H-11b2 1040 913 226
H-12 1044 914 255
H-14 1020 915 170 1.008 133 915
H-15 1061 918 266
H-16 1039 916b 217 1.04¢ 184 915b
H-17 1031 . 913 219
P-14 1024 927 178
P-15 1009 916 129
p-17 1017 913 174
USGS-1 1044 909 162
WIPP-12 1058 932 251
WIPP-13 1038 934 217
WIPP-18 1053 930 243
WIPP-25 979 931 140 1.008 96 931
WIPP-26 961 918 ‘ 60
WIPP-27 968 938 93 1.092 56 934
WIPP-28 1020 938 132 1.032 91 937
WIPP-29 907 905 8.

WIPP-30 1045 935 196 1.020 160 934

a. Data from LaVenue et al. (1988) except as noted

b. Lowered by drainage into WIPP shafts; converted from pressure data (Stensrud
et al., 1988a)

c. Average of values from WIPP-19 and H-2a (Randall et al., 1988)
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3.3.1.3  Tamarisk Claystone. . The Tamarisk Member of the Rustler Fm. is

composed of two anhydrite and gypsum units with a silty-claystone interbed in
the lower half of the member (Figure 3-1). The anhydrite/gypsum units act as
confining beds, and the claystone is the least productive of the Rustler
water-producing units. Halite is found in association with the claystone
interbed along the central and southern portions of ‘the eastern boundary of
the WIPP site and farther east (Figure 3-2 or 3-4). Near the WIPP, the
Tamarisk Member ranges in thickness from 24 m (79 ft) (at H-2 and H-10) to 55
m (180 ft) (at P-18). The Tamarisk Member is entirely absent at WIPP-29
(Mercer, 1983).

Less is known about the hydraulic properties of the Tamarisk Member thaﬁ
about those of the other Rustler members. Hydraulic tests of the Tamarisk
-claystone have been attempted at only four locations:v H-3b3 (1984 unpublished
field nofes), DOE-2 (Beauheim, 1986), H-14 (Beauheim, 1987c¢), and H-16
(Beauheim, 1987c). Testing at all four locations failed, because the
transmissivities were apparently too 1ow to measure over a period of several
days. Based on the interpretation of similar tests performed successfully on
the unnamed lower member at H-16, Beauheim (1987c¢c) concluded that the
transmissivity of the Tamarisk claystone is likely 10-11 m2/s or less. The
transmissivity of the Tamarisk Member might be greater west of the WIPP site
in Nash Draw, where dissolution of the upper Salado and Rustler Fms. has

occurred, but no direct measurements have been made there.

The undisturbed hydraulic head within the Tamarisk claystone has mnever
been measured. The same low transmissivity that prevented successful
hydraulic testing of the Tamarisk at H-3b3, DOE-2, H-14, and H-16 also
prevented measurements of hydraulic heads at those locations. Fluid pressures
have been measured within the Tamarisk interval of H-16 since August 1987
(Stensrud et al., 1988a, 1988b), but no pressure stabilization was achieved
before the pressure began responding to the cdnstruction of the nearby Air-
Intake Shaft. Tamarisk fluid pressures might be expected to be intermediate
between those of the overlying Magenta and underlying Culebra Dolomites, but

this supposition is unconfirmed.
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3.3.1.4 Magenta Dolomite. The Magenta Dolomite Member of the Rustler Fm.
is a gypsiferous and arenaceous dolomite ranging in thickness from 5 m (16 ft)
(at WIPP-27) to 9 m (30 ft) (at H-9) in the vicinity of the WIPP. The_Magenta
Dolomite is absent at WIPP-29 and is unsaturated at H-7a and WIPP-26 (Mercer,
1983). Mercer (1983) also reported that the Magenta was unsaturated at WIPP-
28, based on the apparent lack of a response to a bailing test. Subsequent
water-level monitoring (Richey, 1987b) has indicated that the Magenta Dolomite

is saturated at WIPP-28.

Hydraulic tests have been performed on the Magenta Dolomite at 16
locations (Mercer, 1983; Beauheim, 1986, 1987c). Most of the transmissivity
values obtained from these tests (Figure 3-6, Table 3-9) are <10-7 mz/s.
Relatively high wvalues of transmissivity, 3 x 10-7 and 1 x 10-6 m2/s, are
found at H-6a and H-9a, respectively. No halite is present in the Rustler Fm.
at either of these locations, and the tfansmissivity of the Culebra Dolomite
is also high at both. The two highest values of Magenta transmissivity, 4 x
10-4 and 6 x 10-° m2/s, are found in Nash Draw at WIPP-25 and WIPP-27,
respectively, where dissolution of the upper Salado Fm. has caused collapse
and fracturing of the overlying Rustler Fm. Dissolution of the upper Salado
Fm. has apparently not affected the Magenta at all locations where it has
occurred, however, because the transmissivity of the Magenta Dolomite is wvery

low at H-8 and could not be measured at WIPP-28 (Figure 3-6).

Between 1979 and 1981, stabilized‘water levels were measured in 13 wells
completed in the Magenta Dolomite (Richey, 1987b). Figure 3-7 shows the
altitudes of these stabilized water levels, along with estimated freshwater-
head altitudes calculated using Specific-gravity (or fluid-density). data
(Mercer et al., 1981; Dennehy and Mercer, 1982; Mercer, 1983; Lambert and
Robinson, 1984; Richey, 1986, 1987a). The contours of the freshwater-heads
indicate a southwesterly flow direction within the Magenta Dolomite in the
Vnorthern portidn of Nash Draw and a generally westward flow direction toward

Nash Draw over the rest of the region.
Figure 3-7 also shows freshwater heads estimated from pressure measure-
ments at DOE-2, H-14, and H-16. The pressure measurements at DOE-2 and H-14

were reported by Beauheim (1986, 1987c) to represent upper bounds on the
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Figure 3-6. 'Distribution of Rustler halite and Magenta transmissivity around

the WIPP site (Holt et al., 1989).
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Table 3-9. Summary of Transmissivity Data for the Magenta Dolomite

Magenta
Depth
Interval Transmissivity
_Well —(m) (m2/s) Comments
DOE-2 213-220 1 x 10-9
H-1 172-180 5 x 10-8
H-2a 157-166 1 x 10-8
H-3bl 170-178 1 x 10-7
H-4a 114-122 6 x 10-8
H-5a 239-247 1 x 10-7
H-6a 150-156 3 x 10-7
H-8a 142-149 6 x 10-9
H-9a 159-169 1 x 10-6
H-10a 383-390 1 x 10-8
H-14 129-137 6 x 10-9
- H-16 180-188 3 x 10-8
WIPP-25 92-100 4.0 x 1074
WIPP-27 54-59 5.7 x 10-5
WIfP—ZS 87-94 low testing unsuccessful
WIPP-30 156-164 4 % 10-9

stabilized formation pressures, while the pressure measurement at H-16
reflects drainage from the Magenta Dolomite into the nearby WIPP shafts since
1981 (Beauheim, 1987c¢). The estimated freshwater heads at DOE-2, H-1l4, and

H-16 are in qualitative agreement, however, with the pattern of freshwater
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heads derived from the water-level data. Table 3-10 summarizes the hydraulic-

head data available for the Magenta Dolomite.

3.3.1.5 Forty-Niner Claystone, The Forty-niner Member of the Rustler Fm.

is composed of two anhydrite and gypsum units separated by a silty claystone
interbed. The anhydrite/gypsum units act as confining beds, while the
claystone is a water-producing unit. Halite is found in association with this
interbed east of the WIPP site (Figure 3-1). Near the WIPP, the thickness of
the Forty-niner Member ranges from 7 m (23 ft) (at WIPP-27) to 23 m (76 ft)
(at P-18). The Forty-niner Member is entirely absent at WIPP-29 (Mercer,
1983).

The claystone water-producing unit of the Forty-niner Member has been

hydraulically tested at only three locations: DOE-2, H-14, and H-16
(Beauheim, 1986, 1987c). At these locations, the interbed thickness ranges
from 3 to 5 m (10 to 16 ft). Transmissivities reported for the claystone

interbed are 3 x 10-9 to.l x 10-8 mz/s at DOE-2, 3 x 10-8 to 8 x 10-8 mz/s at
H-14, and 5 x 10-2 to 6 x 10-9 m2/s at H-16. As for the other Rustler
members, the transmissivity of the Forty-niner claystone might be higher west
of the WIPP site in Nash Draw, but no direct measurements have been made
there. Where the halite unit is found with the claystone east of the WIPP

site, the transmissivity of the claystone may be less than where the halite is

absent.

Testing of the Forty-niner anhydrites and gypsums alone has been attempted
only in H-14 (Beauheim, 1987c). . At H-14, a drillstem test was performed in
the upper 8 m (26 ft) of the upper Forty-niner anhydrite. This test was
qualitative and showed only that the transmissivity of the anhydrite must be

several orders of magnitude lower than that of the Forty-niner claystone.

The hydraulic head of the Forty-niner claystone has been measured at wells
H-3d, H-14, H-16, and DOE-2 (Table 3-11). Beauheim (1987c¢) summarized these
observations and estimated static fluid pressures at the midpoint of the
claystone. The greatest uncertainty in these estimates was attached to the
measurement from DOE-2. Re-examination of the original data from DOE-2

(Beauheim, 1986) indicates that a "static" pressure 12 psi lower than that
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Table 3-10. Hydraulic-Head Data for the Magenta Dolomite

WIPP-30 1045 S92 160

a. Converted from pressure data (Beauheim, 1986)

* b. Assuming actual Magenta water specific gravity = 1.02

. ¢. Converted from pressure data (Beauheim, 1987c)

d. Lowered by drainage into WIPP shafts

e. Converted from pressure data (Stensrud et él., 1988a)

Freshwater-
~ , : Co - Depth to Head
Ground- _ Depth to Borehole- Freshwater- Middle of Altitude
Surface Stabilized Middle of ©~ - Fluid Head Forty-Niner at Midpoint
Altitude Depth to Magenta Specific Altitude Claystone of Claystone
Well o (m) © Water (m) (m) Gravity (m) (m) "~ (m)
DOE-2 - 1042 >>944 217 1.18 - <<970 206 <<969b_
H-1 1036 75 v 176 1.021 963
H-2a 1030 - 70 161 1.012 . 961
H-3b1 1033 73 174 1.010 961 164 961
H-4a 1016 58 118 -1.017 959 '
H-5a 1069 - 105 243 1.008 964
H-6a - 1020 - 89 - 153 '1.007 932
H-8a - 1046 - 123 145 1.008 . 923
H-9a 1038 86 - 164 - 1.006 953
~ H:10a 1124 179 386 '1.171 980
_H-1a - 1020 ' >67¢ 133 1.2 <966 121 <965b
 H-16 1039 . losd,e 184 1.2 950¢ 173 949b d
WIPP-25 979 - 48 - 96 1.010. 931
WIPP-27 968 : 31 56 1.078 939
WIPP-28 1020 62 91 1.048 960
1.01 953




TaBle 3-11. Hydraulic-Head Data for the Forty-Niner Claystone

Depth to Fluid

Ground- Middle of Pressure Freshwater-

Surface Forty-Niner at Middle Head

Altitude Claystone of Claystone Altitude
Well (m) (m) (kPa) (m)
DOE-2 1042 206 ' <12554 <964
H-3d 1033 164 821b 953
H-14 1020 121 490b 948
H-16 1039 173 793b 947

a. Data recalculated from Beauheim (1986)

b. Data from Beauheim (1987c)

reported by Beauheim (1987c¢) probably provides a more accurate upper bound on

the Forty-niner head at that location.

Figure 3-8 shows the static fluid-pressure estimates at H-3d, H-14, H-16,
and DOE-2 converted to freshwater heads. Firm conclusions cannot be drawn
from so few data, but the data are not inconsistent with an assumption of
southwesterly to westerly flow toward Nash Draw. The relatively low head at
H-16 may, as suggested by Beauheim (1987c), be related more to localized
drainage into the WIPP shafts than to the undisturbed regional head

distribution.

3.3.1.6 Hydraulic-Head Relations. The hydraulic-head distributions of

the unnamed lower member/upper Salado, Magenta Dolomite, and Forty-niner
claystone (Figures 3-3, 3-7, and 3-8) all indicate westerly to southwesterly
components to the ground-water flow in those units. Flow within the more
transmissive Culebra Dolomite appears to be largely southerly (Figure 3-5).

If these flow systems were at steady state, the observed hydraulic heads would
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indicate that the systems' recharge areas must lie to the east or northeast.
Because the Rustler dips to the east, however, its depth of burial increases,
transmissivities of the water-producing units generally decrease, and the
thickness and effectiveness of confining beds increase in that direction. All

these factors argue against the existence of recharge areas to the east.

An alternative explanation for the present-day distribution of hydraulic
heads within the Rustler Fm. was advanced by Lambert and Harvey (1987)
(Section 3.3.3). Based on isotopic data from Rustler ground waters, they
argued that the flow systems afe not at steady state, but are instead draining
following a late-Pleistocene recharge event. They thought that all Rustler
members were recharged, perhaps from the present vicinity of Nash Draw, during
a wetter pluvial period ~10,000 to 20,000 years ago. When the climate changed
to its current semi-arid condition, the Rustler Fm. began draining to the ﬁest
or southwest. The Culebra Dolomite, being the most transmissive of the
Rustler water-producing units, has drained more quickly than the other units,
and its present-day flow direction may reflect factors in addition to
continued drainage. Davies (1989) used a numerical ground-water-flow model to
simulate the recharge-and-discharge scenario proposed by Lambert and Harvey
and found that the current distribution of heads is a plausible result of

>10,000 years of drainage from the Rustler Fm.

If Lambert and Harvey’s (1987) hypothesis of late-Pleistocene recharge and
current discharge is cofrect, vertical hydraulic gradients Within the Rustler
Fm. should also reflect a recharge-and-discharge cycle. Figure 3-9 is a
vertical east-west cross section through the center of the WIPP site showing
the directions of the vertical hydraulic gradients between members of the
Rustler Fm. Where no dissolution of either upper Salado or Rustler halite has
occurred, from about the middle of the WIPP site to the east, hydraulic
gradients from the unnamed member and Magenta Dolomite converge on the Culebra
Dolomite. The Culebra Dolomite, being the most transmissive part of the
Rustler Fm. in this wvicinity, drains faster internally than the other water-
producing units and probably also acts as a drain on the overall system. The
gradients toward the Culebra Dolomite do not imply, hbwever; that significant
vertical leakage between units is occurring. Rather, the preservation of high

hydraulic heads in the low-permeability Magenta and unnamed members

3-51



1 i : i : ]
] | I
LWest East
v irecti £ i i
1300 v f Dlrect!on of Hydraulic Gradient from Well Data } ]
f? Directi_on of Hydraulic Gradient Inferred from Regional Geology
| ? Direction of Hydraulic Gradient Unknown
— 1200 - (See Figure 3-6 for Line of Section) Modified from Davies (in press) .
2
o I WIPPSITE _|
fte——————————{ ;
© . . ce
rfa —
@ 1100 (- ! | Land SU
Qo I
= |
[}
C
» 1000 - —
o -
9
[
E
@ 900 & ’
[ ane e —
3 , ""'%"'%.ﬂ.,, Top of
£ % 2 Rustler
< Magenta
800 v -
Culebra
Halite in Top of
700 |~ _ Dissolution of Upper Salado Unnamed Lower Member (M-1). - Saladosalt _|
Nash Draw_ Halite in Tamarisk t
Halite in Forty-Niner,
] | ' ]
0 10 ' 20 30
Approximate Distance from Center of Nash Draw (kilometers)
TRI-6330-88-0
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demonstrate the effectiveness of the confining beds separating them from the
Culebra Dolomite. Davies (1989) reached similar conclusions based on
numerical simulations of hypothetical drainage of high heads in the Rustler
Fm.

The western portion of the WIPP site appears to be a transition region in
which vertical hydraulic gradients change. In the region west of the site,
where dissolution of the upper Salado Fm. has occurred, the Magenta head
decreases to the point of unsaturation, and gradients are downward from the
Culebra Dolomite to the unnamed member and upper Salado Fm. The increases in
the transmissivities of the unnamed member and upper Salado Fm., Culebra
Dolomite, and Magenta Dolomite, caused by dissolution west of the site, allow
increased internal drainage from each of the members to the west and south-
west. Dissolution of the upper Salado and subsidence of the Rustler Fm. may
also have fractured the Rustler confining beds, allowing drainage between

Rustler members.

Vertical hydraulic gradients between the Magenta Dolomite and Forty-niner
claystone are upward in the central portion of the WIPP site. The two water-
producing units are separated by an effective confining bed in this region,
which likely prevents significant leakage. The origin of the head difference
between the Magenta Dolomite and Forty-niner claystone is unclear, but the
relative heads prevent overlying units from recharging the Magenta at the
present time. No data are available to evaluate hydraulic gradients between

the Magenta Dolomite and Forty-niner claystone east or west of the site.

The hydraulic-head data from the Magenta Dolomite and Forty-niner
claystone mnear the site, indicating both the potential for upward flow from
the Magenta Dolomite and the improbability of surficial recharge to Rustler
carbonates mnear the site are consistent with interpretations summarized in
Section 3.3.3. These interpretations indicate that, while the flow directions
within the Rustler Fm. are transient on a time scale of ~10,000 years,
vertical fluid flow within the Rustler Fm. near the site is and has been
limited, and confined Rustler ground waters near the site have been isolated
from the atmosphere for at least 12,000 to 16,000 years. Evaporite karst is

not present at the WIPP site, contrary to some interpretations (e.g., Barrows,
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1982). The presence of karst at the WIPP site would require that there be at
least periodic recharge from the surface to the Rustler Fm. and that the
Rustler units affected be hydraulically unconfined,; at least near the recharge
locations. One implicit implication of evaporite karst is that Rustler ground

waters at the WIPP site would be modern.

Evaporite karst is present in southeastern New Mexico and accounts for the
formation of Nash Draw, west of the WIPP site. In general, halites,
anhydrites, and gypsums are removed in evaporite karst before 1imestonesvor’
dolomites are affected. ' As a result, because of the mechanical weakness of
gypsum, evaporite karst structures are limited in area and depth and are
distinct from the large, deep caverns that develop elsewhere in areas of
limestone karst (Bachman, 1987). - Shallow gypsum caves are present within
Forty-niner anhydrites {(converted to gypsum) within Nash Draw. In addition,
the Magenta Dolomite appears to be unconfined or drained within Nash Draw (cf.

Section 3.3.1).

The hydraulic-head data discussed in this section indicate, in contrast,
that modern wvertical recharge from the surface to any Rustler member below the
Forty-niner claystone is not physically feasible in the immediate area of the
WIPP site. In addition, the transmissivity of Rustler anhydrites near the
site itself is too small for successful field measurement. The present data
base of relative Magenta and Forty-niner heads is limited, however, and does
not preclude the possibility of wvertical drainage in areas where the Dewey

Lake Red Beds are saturated south of the WIPP site.

Hole WIPP-33 (Figure 1-4) west of the WIPP site was drilled by the WIPP
Project specifically to investigate the possibility of evaporite karst. The
hole was drilled near the center of a surficial depression breaching the
Mescalero Caliche. As summarized by Bachmén (1985), the WIPP-33 structure
apparently results from vertical fluid movement from the surface to the Forty-
niner anhydrites at some time, i.e., it is the result of evaporite karst.
Bachman also noted that the WIPP-33 structure is uniqué in the WIPP site area.
As noted in Section 3.3.3, the deuterium éontent of gypsums from the Forty-
niner Member at WIPP-33 is inconsistent with crystallization in the presence

of modern meteoric water.
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In summary, both the horizontal and vertical distributions of hydraulic
heads within the Rustler Fm. are consistent with the hypothesis of Lambert and
Harvey (1987) that the Rustler flow systems are not at steady state, but are
instead in a transient discharge phase following a late-Pleistocene recharge
event. Current flow directions are not representative of systems flowing from

recharge to discharge areas.

3.3.2 Geochemical Variability of Rustler Fluids

The major conclusions of this section and Section 3.3.3 are listed here.

+« The estimated wvariability of total .dissolved solids (TDS) contents of
Rustler ground waters in the WIPP region ranges from <3,000 to >300,000
mg/L. In many cases, even the best efforts at careful sampling and
laboratory analysis leave the compositions uncertain. The uncertainty is
in many cases but not always greater for holes in which transmissivity is

limited.

+ Near the site, TDS concentrations in Culebra waters range from ~10,000 mg/L
to >200,000 mg/L. No Culebra ground waters at the site itself are suitable
for stock consumption, let alone human consumption. In spite of several
sampling attempfs, the solute concentration of Culebra water at H-2, which
may be near 10,000 mg/L, is not well known. However, H-2 is not on the

flowpath considered in the human-intrusion case (Chapter 7.0).

+ In general, Magenta waters are less saline than those in the underlying
Culebra Dolomite, with TDS concentrations ranging from ~4,000 to 25,000
mg/L within the site boundary. Waters from the Rustler/Salado contact zone

are quite saline; TDS concentrations are ~300,000 to 400,000 mg/L within

the site boundary.

+ Based on the variability of ground-water compositions, four hydrochemical
facies are defined within the Culebra Dolomite. Dilute CaSO; waters south
of the site (Facies B) lie directly downstream along the modern flow direc-
tions in the Culebra Dolomite from more saline and variable brines (Facies

C). This is inconsistent with steady-state confined flow. The boundary
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between Facies B and C is mnot precisely known but it must lie south of a

line’ JOlnlng P-17, H-12, and H-10.

Hydraulic testing (Section 3.3.1) indicates that there 1is no effective
vertical connection between the Culebra and Magenta Dolomites near the site
on the time scale of hydraulic testing (a few months). Available isotopic
' resﬁlts indicate that any vertical fluid flow on much longer time scales

must be limited.

Confined Rustler and Capiten ground waters have a stable-isotope character
distinct from that of unconfined Capitan waters in Carlsbad Caverns and
from other waters from alluvium and the Ogallala Fm. that are'interpreted
to represent modern pfeeipitation in the northern Delaware Basin.  These
results indicate that the Rustler ground waters were recharged in a
different climatic setting than ‘that of the present fime, but do not
‘indicate either the time of this recharge or direction of ground-water flow

at that time.

Four radiocarbon ages calculated on samplee from the WIPP area indicate
‘that these waters (three from the Gulebra Dolomite and one from the bewey
Lake Red Beds) were isolated from the atmosphere at least 12,000‘to 16,000
years ago. Other analyzed waters reflect complex'contamination from
drilling fluids, iost-circulation materials, and the metabolic‘products of
their degradation. The calculated radiocarbod ages represent minimal
values, because some undetected contamination may still be present in all

samples.

The locations of the successful radlocarbon measurements effectlvely
bracket the WIPP site, but do not imply any SLngle flow direction, i.e.,
calculated ages do not increase in any one direction. All ground waters
for which the radiocarbon measurements are interpretable have stable-

isotopic character consistent with those of other confined Rustler waters.
The radiocarbon measurements are all consistent with lack of significant

vertical influx to the Culebra Dolomite near the WIPP site for =10,000

years and isolation of conflned Rustler waters from the atmosphere (and
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vertical recharge) for 210,000 years. Both stable-isotope variations and
radiocarbon results are consistent with the presence of both "modern"

waters and older waters within the Dewey Lake Red Beds.

87Sr/865r ratios of host rocks and veins within the Rustler Fm. are
indistinguishable, implying an internal source for the solutes rather than
extensive flow from external sources. Ratios within the GCulebra and
Magenta Dolomites are distinct from those of the surrounding parts of the
Rustler Fm. and from ratios characteristic of surficial input. Ratios
within the Dewey Lake Red Beds, in contrast, imply mixing of Rustler-type
waters and surface waters, as reflected in the strontium isotopes of

caliche and gypsite spring deposits.

Flow from the surface to layers beneath the Dewey Lake is minimal, implying
that the isotopic distinction of the Culebra and Magenta Dolomites is the

result of lateral flow.

The isotépic character of waters of hydration from essentially all vein
gypsums analyzed from the Rustler Fm. and Dewey Lake Red Beds is consistent
with crystallization in the presence of varying amounts of Rustler-type
ground water, as distinct from the interpreted isotopic character of modern
precipitation. Several of the analyzed gypsums could not have precipitated
in equilibrium with any amount of modern water. Compositional relation-
ships among gypsums analyzed from borehole WIPP-34 indicate vertical fluid

flow in both directions from the Magenta Dolomite.

Uranium-disequilibrium studies, specifically an eastward increase in
234y,238y activity ratios, imply that ground-water flow at the time of
Rustler recharge (212,000 to 16,000 years ago on the basis of radiocarbon
studies) had an easterly component, in contrast to the modern southerly

flow within the Culebra Dolomite (Section 3.3.1).

Stable-isotope, radiocarbon, and uranium-disequilibrium data are consistent
with four interpretations: (1) confined Rustler waters at and near the WIPP
site were isolated both from the atmosphere and from any significant

vertical recharge 212,000 to 16,000 years ago; (2) Rustler ground-water

3-57



flow at the time of recharge had an easterly component; (3) neither flow
directions mnor fluid compositions within the Culebra Dolomite are at
steady-state; and (4) the time scale of change in flow directions is

>10,000 years.

3.3.2.1 Changes in Understanding Since the FEIS. When the FEIS (DOE,

1980a) was prepared, the only data on solutes in ground waters from the
Rustler Fm. near the WIPP site (Lambert, 1978) were for se#en Rustler samples
(two Culebra, two Magenta, and three unspecified). Mercer and Orr's (1979)
solute data for 15 Rustler samples (eight Culebra, three Magenta, and four

Rustler/Salado) were not available in time to be included in the FEIS.

The FEIS stated that "total dissolved solids in well water sampled from
the Rustler Fm. are at levels of 3000 to 60,000 ppm (Lambert, 1978)" (DOE,
1980a, Vol. 1, p. 7-89). 1In light of the data now available, this statement
is‘misleading, if not incorrect, for two reasons. First, the total-dissolved-
solids (TDS) concentrations in the Rustler Fm. (the three most-productive
water-bearing zones) range from <3000 to >300,000 mg/L in the study area
(Figure 3-10) and from ~4000 to >300,000 mg/L at the WIPP site. These ranges
are much wider than the range given in the FEIS. Second, some of Lambert’s
(1978) Rustler samples were mislabeled, and some are now considered
unreliable; that is, the TDS range in the FEIS is based on some incorrect

data.

Variations in concentrations of dissolved solids in ground waters from the
Rustler Fm. in the study area are discussed in more detail below. 1In brief,
the data of Mercer and Orr (1979) showed a range of ~4,000 to >300,000 mg/L;
additional data (Mercer, 1983) expanded the range slightly; and subsequent

work has confirmed this wide range of ground-water compositions.

Because some of Lambert’s (i978) Rustler data may bé incorrect, those data
do not support the range of TDS concentrations given in the FEIS.
Specifically, data from five of Lambert’s seven "Rustler" sampleé are
questioned for three reasons. First, two stock wells--James Ranch (called
Ranch Well in this report) and Fairview Well--were then thought to sample the

Rustler Fm.; these wells are now known to sample the Dewey Lake Red Beds
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Figure 3-10. Hydrologic boreholes and wells at and near the WIPP site

(Siegel, Lambert, and Robinson, 1989).
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(Lambert and Harvey, 1987). Thus the lower end of the TDS concentration rahge
in the FEIS (~3,000 mg/L) was based on Dewey Lake samples; fortuitously, the
freshest samples from the Rustler Fm. have similar TDS concentrations.
Second, samples from the Culebra and Magenta Dolomites at well H-3 were
collected in August 1976 (USGS Multiple Station Listing). The data from these
samples were rejected by Mercer and Orr (1979) and Mercer (1983) in favor of
data. from samplés collected in 1977. Comparing the data from the August 1976
samples with data from more recent samples (discussed in more detalil below)
shows that the Magenta sample was: probably contaminated, and the Culebra
sample may have been slightly contaminated. Finally, the collector ring in
the Duval mine shaft was located at the boftom of the Rustler Fm. Because the
watér may have come from any of the water-producing horizons in the shaft and
may be a mix of waters from more than one horizon, the sample is of little

geochemical significance.

Mercer (1983) published data from the U.S. Geological Survey (USGS) on
samples collected from the Culebra and Magenta Dolomites and the
Rustler/Salado contact zone between 1976 and 1980. He reported wide ranges of
TDS concentrations in all three zones; his ranges are similar to those given
below. Mercer observed that, in all three zones, TDS and the sum of the con-
centrations of potassium and magnesium correlate roughly with regions of
restricted flow (low transmissivities) and the presence or absence of halite

above or below the zone being considered.

Ramey (1985) also analyzed Mercer's (1983) data. He included a detailed
study of the Culebra data, but added little to previous discussions of data
from the Magenta Dolomite and the Rustler/Salado contact zone. More-recent
interpretations of the Culebra data (including newer data) are discussed in

Section 3.3.3.

Between 1976 and 1987, solutes were measured in ground-water samples from
the Culebra and Magenta Dolomites and Rustler/Salado contact zone at more than
30 locations (hydropads or stock'weils) at énd néar,the WIPP site. An evalua-
tion of the data for the major solutes (Na, K, Mg, Ca, Cl-, and 5042') has
shown that some of these samples were contaminated (or in some other way not

representative of unperturbed ground water) and that some of the analytical
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results were inaccurate (Robinson, 1988). At least some unreliable data can

be recognized and excluded from further consideration.

The present understanding of the compositions of fluids from the Rustler
Fm. thus comes from a much larger and more reliable data base than was

available when the FEIS was prepared.

3.3.2.2 Data Reliability, Ground-water samples have been collected from
tﬁe Culebra Dolomite at over 30 locations (hydropads or wells), from the
Magenta Dolomite at 12 locations, and from the Rustler/Salado contact zone at
20 locations. Many locations have been sampled more than once, and in many
instances, samples collected at the same time from a given site have been

analyzed by more than one laboratory.

When more than one set of solute analyses for ground water from a
stratigraphic zone at a location (hydropad or stock well) are available, there
are often discrepancies between some or all of the sets of analyses. 1In some
cases, samples collected at different times (ranging from a few weeks to
several years apart) have significantly different compositions. In other
cases, the results (for at least some, if not all, solutes) from different
laboratories for samples collected at the same time differ significantly.
Thus, in some cases, some analytical data are thought to be incorrect; in
other cases, the analyses or the samples themselves may be the source of the

discrepancies.

Faced with these varying data sets from some locations, the problem is to
decide which data are the most reliable. At locations from which only one
ground-water sample has been collected and analyzed, the problem is to

determine whether that one data set is reliable.

Data may be incorrect for any or all of the following three reasons
(Robinson, 1988), ignoring the possibility of typographical errors in source
documents. First, a ground-water sample might not have been representative of
unperturbed ground water, at least with respect to the parameters being
measured. For example, the ground water around a borehole can be contaminated

by drilling mud or brine or by additives used to control lost circulation
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during drilling; such contamination can affect the concentrations of many
major, minor, and trace solutes. Ground water can be contaminated by the well

casing or the pump; for example, iron concentrations in many of these ground
waters appear to be a function of the presence .or absence of well casing and
of the pumping rate used to collect the sample. Bringing ground water from
“aquifer depth and pressure to the ground surface at atmospheric pressure can
cauge some changes; for example, carbon dioxide may outgas, causing the pH of
the: solution to increase. Second, the concentration of some solutes in the
ground-water sample might have changed between the time of collection-and the
time of analysis. For example, a sample could be stored for some time at too
low a temperature; species that were at or close to saturation at aquifer
temperature might precipitate (an irreversible process, on a laboratory time
scale). Finally, the analysis of a parameter might be inaccurate. For
example, an inappropriate analytical technique might have been used, or the

analyst might have erred during the analysis or in calculating the results.

At many of the locations of interest, collecting a representative sample
is difficult because of the uncertain histories and low productivities of the
wells  (cf. Section 3.3.1 for transmissivity data).” When some of these wells
were drilled, there were mno plans to collect water samples from the Rustler
aquifers. Thus, careful records were not always kept of the types or
quantities of materials added to the borehole to aid in activities such as
drilling, coring, controlling lost circulation, reconfiguring the well, and so
forth. Even when contamination is known or suspected, the low productivities
at manyiof the wells make it difficult or impossible to purge contaminants by

pumping.

When representative samples are collected, the widely wvariable bulk
compositions and concentrations of specific solutes of interest make the
analysis of these solutes difficult. These are not drinking waters that can
be reliably analyzed by EPA-approved methods. The appropriate method for a
solute will depend on both the approximate concentration of that solute and on
the bulk composition (the ionic strength and the concentrations of the other
solutes) of the sample. Because budgetary constraints do not allow every
analytical method to be validated for every WIPP sample, the data are often

justified by indirect means (often by comparing with ddta from other
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laboratories). Some data have been published before analytical difficulties

could be identified and corrected.

3.3.2.3 Sources of Data. Mercer (1983) summarized the USGS analyses of
samples collected by the USGS between 1976 and 1980.

Robinson (1988) included analyses by Sandia National Laboratories and its
subcontractor, UNC Technical Services (formerly Bendix Field Engineering
Corp., Grand Junction, CO; the designation UNC/Bendix will be used here), of
samples collected by the USGS, Sandia, Hydro Geo Chem, and the WIPP Water
Quality Sampling Program (WQSP) between 1979 and 1986. Robinson (1988) also
included field data for samples collected by Sandia and Hydro Geo Chem between
1980 and 1984. UNC (1988) gave some more-recent, as-yet unpublished analyses
of WQSP samples by UNC/Bendix.

Chapman (1988) included analyses by the New Mexico Bureau of Mines &
Mineral Resources (NMBM&MR) of some samples collected by the WQSP for the New

Mexico Environmental Evaluation Group (EEG).

A series of annual reports by WQSP personnel (Uhland and Randall,v1986;
Uhland et al., 1987; Randall et al., 1988) includes field data for the WQSP
samples and  laboratory analyses of those samples by IT Analytical Services
(ITAS). Data for WQSP samples collected in 1988 and 1989 have not yet been

published and are not considered here.

3.3.2.4 Solute Data, Table 3-12 summarizes the data from the sources
listed above; well locations are shown in Figure 3-10. Data were included in
the table or rejected as described by Robinson (1988), whose approach includes
evaluating both the representativeness of the samples with respect to the

parameters of interest and the quality of the analyses.

The representativeness of the samples was evaluated in three ways. The
method of collection was considered (bailing or swabbing versus pumping,
pumping rate, volume of water pumped before sampling, etc.); field data were
considered (when parameters were monitored periodically during a pumping test

for purging of possible contaminants); and if possible, analyses of samples
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collected during different hydrologic- tests at the same hydropad and
stratigraphic zone were compared (Robinson, 1988). The qualities of various
sets of analytical data were evaluated by checking charge-balance errors, by
considering any available -supporting ‘data from the laboratory (analysis of
replicates, spiked samples, control samples, etc.), by comparing laboratory
results for certain parameters with reliable field results for the same
parameters, and by comparing results from different laboratories for samples
collected at the same ‘time from the same well and stratigraphic zone

(Robinson, 1988).

Table 3-12 includes concentrations of the major solutes, TDS, and
bicarbonate; field pH data; and density data. Concentrations of the major
solutes (Na, K, Ca, Mg, Cl-, and 8042')‘are presented as ranges that represent
all data that are considered reliable. A single value, rather than a range,
indicates that only one value is considered reliable. Concentrations were
rounded to two significant figures; the lower number in a range was rounded
down and the higher number was rounded wup. Concentrations df TDS were
calculated by summing the concentrations of the major solutes plus bicarbonate
given in the table. Field values of HCO3~ and pH are given, again as ranges
when possible. Single wvalues indicate either that only one value was
considered reliable or that the same value was measured during each sampling
episode.. All HCO3~ and pH data must be used with caution, however, because of
the carbon-dioxide outgassing mentioned above (Siegel, Robinson, and Myefs,
1989; Meijer et al.; 1987; Robinson, 1988). Densities or specific gravities

are included for samples from most locations.

Table 3-12 considers samples from wells that were drilled specifically for
the . WIPP ‘project. Data from the Culebra Dolomite at Engle Well are aléo
included, but other data from stock wells are ignored for several reasons.
Most of the stock wells lie south of the area of major interest for the WIPP;
the reliability of many samples (collected before 1985) and analyses is
difficult to evaluate; and few data are available for samples collected more
recently. Bodine et al. (1989) and ‘Randall et al. (1988) gave data from
samples of Culebra ground water from Windmill Well, Indian Well, South Well,
Mobley Ramnch. Well, the Gnome wells (also.called USGS wells), Two-Mile Well,
and Poker Trap Well. : '
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Table 3-12. Major Solutes in Ground Waters From the Rustler Formation{l]
Part A: - Samples from the Culebra Dolomite

Hydropad{2] pensity[3] Tps[4] Na K Ca Mg cl- S042-  HCo3-[5]
(Wells) (g/cm3) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH[6] tes

DOE-1 1.088 122000-  41000- 900-  1400- 1400- 71000-  6500- 45- 7.1  4/85;7/86;
135000 46000 1300 1800 1700 77000 7400 46 7/87

poE-2[8] 1.041 56000-  17000- 300-  1900-  900- 32000- 3500- 67[8] 7.0[8] 3/85;8/86
62000 19000 420 2000 1100 35000 4000

H-1[9] 1.022 30000 9400 190 780 280 12000 7400 100 7.6 6/76

H-2[10] 1.009 see footnote

(H-2A,B1,C)

H-3 1.036 50000-  16000- 360-  1200-  670- 27000-  4600- 50- 7.3- 3/77:6/84;

(H-3B1,B2,B3) 58000 19000 500 1600 850 31000 5200 52 7.4  2/85;12/85;

4/86;8/87

H-4 1.016 19600- 5800- 180- 640-  400- 7400- 5100- 68- 7.6- 5/81;8/84;

(H-4B,C) 22300 6300 260 700 510 8200 6300 . 75 8.0 7/85;11/86;9/87

H-5 ‘ 1.102 148000-  52000- 1100-  1300- 2100- 84000- 7000- 50- 7.4- 6/81;10/81;

(H-5B,C) ‘ 158000 55000 1400 1700 2300 90000 7900 86 7.9 8/85;5/86

H-6 1.039 52000-  16000- 340-  1700- . 900- 30000- 3300- 90- 6.9- 5/81;9/85;

(H-6B,C) 61000 19000 600 2200 1200 34000 4000 96 7.2 7/86;11/87

H-7 1.001 3000- 160- 7.0- 540- 130-  300- = 1700- 120  7.0-  3/80;3/86;

(H-7B1) 3400 210 7.7 680 140 350 1900 7.3 2/87

H-8 1.000 2500- 51- 3.7- 520- 150- 30- 1700- 93- 7.2- 1/86;2/87

(H-8B) 2900 56 4.6 560 170 36 2000 96 7.3

H-9 1.001 2800- 140- 6.8- 560-  130- 170- 1700- 110  7.3- 11/85;1/87

(H-9B) 3200 160 7.6 630 150 210 1900 7.4

H-10(9) 1.047 66000 21000 520 1600 1000 36000 5600 45 8.3  3/80

(H-10B)

H-11 1.078 109000- 37000- 720- 1300- 1300- 63000- 6100- 54-
(H-11B3) 123000 44000 990 1700 1600 67000 7200 55

~N O~

.2-  6/85;6/86;
3 9/87
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Table 3-12. Major Solutes in Ground Waters From the Rustler Formationl[1]
Part A: Samples from the Culebra Dolomite (continued)

Hydropad{2]  Dpensityl[3] Tps[4] Na K Ca Mg cl- S042-  HCo3-[5]
(Wells) (g(cm3) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH[6] Dates

H-12 - 1.093 139000-  49000- 1200- 1600- 1900- 78000-  7200- 53- 7.2 8/85;1/87
146000 52000 1600 1800 2000 80000 8200 62

H-14 1.008 15400- 3300- 190- 1700-  480- 8200- 1500- 40 7.7 5/87
16500 3400 250 1800 530 8600 1900

H-15 ' 1.153 220000-  82000-  1400- ~ 1500- 2300- 130000- 6300- 41 ~7 5/87
240000 84000 1800 2000 2700 140000 6600

H-16 - 36000 12000 240 890 330 16000 6700  ~70 -- 8/87

H-17 1.103 154000- 55000 1400 1500 1700 87000- 7000 50 7.0 10/87
155000 88000

H-18 1.02 sg 24000 6800 240 980 510 12000 3700 53 7.6 11/87

P-14 1.017 22000- 3700- 38- 3500~  740- 13000-  1400- 100- 6.8- 2/86;6/87
26000 4400 50 3900 900 15000 1700 110 6.9

p-15(9] 1.015 24000 6900 1700 770 63 11000 3200 ~110  -- 5/77

P-17 , 1.061 - 84000-  28000- 770-  1500- 1400- 47000- 5500- 61- 7.5 3/86:12/86;
93000 30000 1000 1700 - 1800 51000 7200 64 10/87

p-18[11] see footnote

WIPP-13 1.043 62000-  19000- 340-  1400- 1000- 36000-  4500- 120 6.6 2/87
69000 23000 590 1800 1200 37000 5100

WIPP-19 1.07 sg 98000-  30000- 830- 1800- 1900- 58000-  5000- 84 7.0 7/87
107000 34000 850 1900 2400 62000 5400

WIPP-25[12] -1.008 see footnote

WIPp-26[13] 1.012 see footnote

WIiPP-27 1.092 133000-  39000- 8100 3100- 1900- 77000-  3800- 120 6.4 8/80:9/80

136000 40000 3300 2000 - 79000 3900
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Table 3

-12. Major Solutes in Ground Waters From the Rustler Formation(l]

Hydropad[2]
(Wells)

WIPP-28

WIPP-29

WIPP-30

[14]

Engle Well

Part A:

Densityl[3] TDS{%4]

(g(cm3)
1.032

1.213

1.020

1.001

Part B:

Hydropad[2]
(Wells)

H-1[9]
H-2[91]

H-3[9]

H-6(9]

H-7[9]

H-8[9]

(H-2C)
(H-3B1)

(H-4C)

(H-5C)

(H-6C)

(H-7C)

(H-8C)

(mg /L)

46000-
47000

Na
(mg/L)

15000

see footnote

29000-
30000

3000-
3300

Density[3] DS [4]

(ggcm3)

1.21

1.26

1.21

1.048

1.129

(mg/L)

330000
310000
330000

310000-
330000

370000-
410000

310000-
330000

70000

124000

8600

180-
200

Na
(mg/L)

56000
66000
59000

64000-
66000

14000-
15000

79000-
80000

22000

46000

K
(mg/L)

480

260

5-
10

K
(mg/1)

17000
9100
14000

8000-
15000

16000-
21000

6600-
8000

210

660

Ca Mg
(mg/L) (mg/L)
1100- 560

1200
1100- 460
1200
570- 130-
590 160

Ca

(mg/L)

13000
9200
18000

8300-
8600

1700-
2100

4100-
4200

2600

1200

Samples from the Rustler/Salado Contact Zone

Mg
mg/L

30000
25000
25000

25000~
27000

76000~
82000

20000-
21000

910

430

Samples from the Culebra Dolomite (continued)

Ccl-

(mg/L)

24000-
25000

14000-
15000

220-
240

Ccl-
(mg/1)

210000
200000
210000

200000-
210000

260000-
290000

200000-
210000

41000

70000

s042-  Hcoz~[3]

(mg/L) (mg/L) pH[6] Dates Refl’]
4400 - 6.5 9/80 c
4100 ~74 8.8 9/80 c
1800- 70- ,2- 3/85;12/87 b,c,e,
2000 110 .4 g

$042- Hcos-[3]
(mg/L) (mg/L) pHl6] Dates Refl7]
520 . 680 7.9 2/77 a
1300 200 5.9 2/77 a
370 470 7.6 2/77 a
700- ~1 - 3/79 a,c
1400
1400- 200 -- 5/79 a,c
2000
1400- ~1 -- 4/79 a,c
2000
2900 43 6.8 3/80 a
5300 26 7.6  9/80 a
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Table 3-12. Major Solutes in Ground Waters From the Rustler Formationl1]
Part B:  Samples from the Rustler/Salado Contact Zone (continued)

Hydropadl2] Densityl[3] TDS[4]  Na K Ca Mg cl- S042- HCO03-[5]

(Wells) (g/em3)  (mg/L)  (mg/L)  (mg/L)  (mg/L) (mg/L)  (mg/L)  (mg/L) (mg/L) pHl6] Dates Refl7]
H-9[91 (H-9¢) 1.20 330000 130000 1200 1300 870 190000 2600 29 7.0 5/80 a
H-10091m-100) 1.20 310000 100000 4000 1500 11000 190000 3300 65 6.3 5/80 a
p-1419] 1.126 310000 120000 1300 570 1200 180000 10000 220 7.2 2/77 a
p-15[15] see footnote
p-1709] 1.193 270000- 23000 8800 15000 40000 180000- 500- 790 -- 5/79° a,c

280000 190000 1200
p-18[16] see footnote
WIPP-25 - 330000 120000 3300 560 3300 190000 12000 130 7.4 7/80 c
WIPP-26 . 190000 69000 1200 1400 1700 110000 7500 270 7.7 7/80 c

wipp-27[17] see footnote

WIPP-28 1.18 sg  270000- 97000 4300 600 3400 150000- 17000 170 7.0  7/80 .c
: 280000 160000

WIPP-29 ‘ -- 110000- 36000 1500 1100 2300 57000- 12000 200 7.2 7/80 c
111000 58000

WIPP-30 -- 310000- 120000 2200 ‘ 960 2800 180000- 7400 620 7.5 7/80 c

320000 190000
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Table 3-12. Major Solutes in Ground Waters From the Rustler Formationll]
Part C: Samples from the Magenta Dolomite

Hydropad[2] Densityl[3] TDs[4] Na K Ca Mg cl- S042- Hcos~ (3]

(Wells) gg[cm3z (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)y (mg/L) DH[G] Dates Refl7]
H-1[9] 1.021 18900 5700 70 890 270 8000 3900 92 7.4  6/76 a
H-2091 (u-2a) 1.012 10300 2700 81 820 170 4100 2400 74 8.6 2/77 a
H-3  (H-3Bl) 1.006 sg 7900- 1500- 34- 900-  290- 3300- 1800- 45- 7.6- 7/85;9/86; c,e,f,

9000 1700 36 1000 330 3500 2400 47 8.0 9/87 g
H-4 (H-4C) 1.02 sg 23400- 7100- 80- 610-  410- 8400- 6700- 70- 8.1- 11/86;10/87 c,f,g
: 24200 7300 100 660 500 8500 7100 85 8.4
H-5 (H-5C) 1.006 sg 6900- 1500 34 550 170 1000- 3600 56 8.0 10/86 c,f
7000 1100 '
H-6 (H-6C) 1.002- 4200- 640- 16- 500-  160- 420-  2400- 51- 7.7- 10/86;11/87 c,f,g
1.003 sg 4600 650 18 550 170 430 2700 52 7.8
H-8[181(u-8a) 1.008 9000 2400 84 870 17 3500 2100 ~30 9.3 2/80 a
-- 7200 1800 59 560 10 3000 1700 30 7.5 10/85 e
H-9(9] (H-9A) 1.004 5000 800 28 550 170 750 2700  ~40 8.5 2/80 a
H-10[9](H-10a) 1.171 260000 93000 510 2500 2600 160000 2700 -- 7.1 3/80 a
WIPP-25 1.004 sg  11700- 2900 72 900- 260 4900- 2500 180 6.9 9/80 c
12100 920 5300
WIPP-27 1.09 sg  144000-. 43000-  8000- 3600- 2000- 84000- 2900- 210- 6.4- 9/80(2x) a,c
149000 ° 44000 10000 3700 2100 86000 3400 220 6.5

wipp-30[19] see footnote




Footnotes for Table 3-12,

1.

Concentrations of major solutes are given as ranges that represent all
the data -- from the sources listed in footnote 7 -- that are thought to
be reliable. A single value, rather than a range, indicates that only
one value is considered reliable. Data from these sources that are not
considered reliable -- either because the sample is not considered
representative of the unperturbed groundwater or because the analyses are
thought to be in error -- have been excluded.

At multi-well hydropads, the sampled well(s) are shown in pérentheses.

Values followed by the initials "sg" are specific gravities (unitless);
all others are densities (g/cm3). Data are from the following sources.
Culebra: Specific gravities are from Randall et al. (1988). Densities
are those recommended by LaVenue et al. (1988, appendix F).

Magenta: Specific gravities are from Robinson (1988), Uhland and Randall
(1986), Uhland et al. (1987), and Randall et al. (1988). Densities are
from Mercer (1983, Table 10).

Rustler/Salado: Specific gravities are from Robinson (1988). Densities
are from Mercer (1983, Tables 2 and 6) and Robinson (1988)..

TDS = total-dissolved-solids concentrations; calculated by summing the
concentrations of Na, K, Ca, Mg, Cl-, 5042', and HCO3~ given in this
table. '

Alkalinities measured in the field and expressed as mg/L HCO3~. A field
value was not  available from H-16 (Culebra); the value measured in the
laboratory is given here. Reliable alkalinity data are not available for
WIPP-28 (Culebra); the alkalinity continually decreased during a long-
term pumping test (see Robinson, 1988, or Lambert and Robinson, 1984).
Alkalinity was not determined in the H-10 (Magenta) sample..

pH values measured in the field.

‘References from which data (except some densities) were compiled:

Mercer, 1983

Chapman, 1988

Robinson, 1988

UNGC, 1988 :
Uhland and Randall, 1986
Uhland et al., 1987
Randall et al., 1988

0O O QO OTD

DOE-2 Culebra: the HCO3~ and pH data are from the 3/85 sampling episode.
The well was later acidized; in 8/86 the alkalinity was 150 mg/L and the
pH was 6.3.

The following samples were collected by bailing. Because the represen-
tativeness of the samples cannot be evaluated, the data should be used
with caution.

Culebra: H-1, H-10, P-15; Magenta: H-1, H-2, H-9, H-10;

Rustler/Salado: H-1, H-2, H-3, H-4, H-5, H-6, H-7, H-8, H-9, H-10, P-14,
P-17.
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10.

11.

12,

13.

14,

H-2 Culebra: for reasons that are not understood, the quality of the
Culebra water at H-2 has varied with time. Although some solutes have
stayed fairly constant (5042', 2900 - 3300; K, 90 - 120; Ca 670 - 750;
Mg, 120 - 170 mg/L), Na and Cl- have changed as follows: '

In 2/77 (H-2Bl): Na, 2100 mg/L; Cl-, 2800 mg/L.

In 3/77 (H-2C): Na, 3600 mg/L; Cl-, 4700 mg/L.

In 4/86 (H-2A): Na, 3500-3600 mg/L; Gl-, 5200-5400 mg/L.

In 8/87 (H-2A): Na, 2600 mg/L; Cl-, 4400-4800 mg/L.

During the four tests, other parameters were: HCO3~ - 59, 62, 75, 54
mg/L; pH - 8.4, 8.2, 8.0, 7.8; TDS - 8900, 12500, 13000, 11000 mg/L.
(references a,c,f,g in footnote 7).

The representativeness of these samples cannot be evaluated.

P-18 Culebra: Mercer (1983) reports solute data for a sample collected in
5/77. But because of the extremely low productivity of the well, there
is reason to doubt that the sample collected was representative of the
unperturbed groundwater (Lambert and Harvey, 1987). The data are not
given here.

WIPP-25 Culebra: for reasons that are not understood, the quality of the
Culebra water at WIPP-25 has varied with time.

In 8/80, parameters (mg/L) were: Na, 3200; K, 74; Ca, 900-910; Mg, 260;
Cl-, 5200-5300; 5042', 2500; HCO3-, 210; TDS, 12300-12500; pH, 6.9
(reference ¢ in footnote 7).

In 2/86 and 4/87, parameters (mg/L) were: Na, 3100-3400; K, 100-120; Ca,
1100-1200; Mg, 310-340; Cl-, 6100-6500; 5042', 2300-2400; HCO3-, 130;
TDS, 13100-14100; pH, 7.2 (references c,e,g in footnote 7).

WIPP-26 Culebra: for reasons that are not understood, the quality of the
Culebra water at WIPP-26 has varied with time.

In 8/80, parameters (mg/L) were: Na, 3600; K, 170; Ca, 1200-1300; Mg,
360; Cl-, 6900-7200; 5042‘, 2500; HCO3~, 140; TDS, 14900-15300; pH, 6.9
(reference ¢ in footnote 7).

In 11/85, parameters (mg/L) were: Na, 3800-4300; K, 340-360; Ca,
1200-1400; Mg, 370-430; Cl-, 8400-8800; 5042', 2300-2500; HCO3-, 120;
TDS, 16500-17900; pH, 7.1 (references b,c,e in footnote 7).

In 4/87 parameters (mg/L) were: Na 2900; K, 190; Ca, 1100; Mg, 330; Cl-,
5800; so42-, 1900; HCO3-, 110; TDS, 12300; pH 7.0 (reference g in
footnote 7).

WIPP-29 Culebra: probably because of the influence of nearby potash-
mining activities, the quality of the Culebra water at WIPP-29 has varied
with time.

In 8/80, parameters (mg/L) were: Na, 71000-79000; K, 16000; Ca, 800-1000;
Mg, 5400-5700; Cl-, 130000-140000; 5042', 13000-14000; HCO3~, 210-260;
TDS, 236000-256000; pH, 6.1 (references a,c in footnote 7).

In 12/85, parameters (mg/L) were: Na, 90000-95000; K, 20000-24000; Ca,
630-680; Mg, 6300-6500; Cl-, 170000-180000; 8042', 17000-20000; HCO3",
160; TDS, 304000-326000; pH, 5.9 (references b,c,e in footnote 7).

In 3/87, parameters (mg/L) were: Na, 89000; K, 20000; Ca, 600; Mg, 5900;
Cl-, 150000-160000; 5042', 17000; HCO3~, 160; TDS, 283000-293000; pH, 6.2
(reference g in footnote 7).
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15.

16.

17.

18.

19.

P-15 Rustler/Salado: Mercer (1983) reports solute data for a sample
collected in 4/79. But Lambert and Harvey (1987) showed that the sample
was probably contaminated with Culebra water from the same well. The
data are not given here.

P-18 Rustler/Salado: Mercer (1983) reports solute data for a sample
collected in 5/79.  But because of the extremely low productivity of the
well, there is reason to doubt that the sample collected was
representatlve of the unperturbed groundwater (Lambert and Harvey, 1987).
The data are not given here.

WIPP-27 Rustler/Salado: Mercer (1983) reports solute data for a sample.
collected in 5/80. But because the well "ran dry" during a later pumping
test and based on some subsequent field measurements of several solutes
(chloride, divalent cations, sulfate), the 9/80 sample is not considered
to be representative (Robinson, 1988). The data are not given here.

H-8 Magenta: the sample from 2/80 was collected by bailing; the sample
from 10/85 was collected by pumping (however, the well quickly "ran
dry"). Because of the extremely low productivity of the well, neither
sample can be confidently stated to be representative. The data should
be used w1th cautlon :

WIPP53O Magenta: Mercer (1983) reports solute data for a sample collected
in 9/80. But because of the low productivity of the well and based on

' ‘some subsequent field measurements of several solutes (chloride, divalent

cations, sulfate), the 9/80 sample is not considered to be representative
(Robinson, 1988). The data are not given here.
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3.3.2.5 Samples of Unknown Reliagbility. The reliability of the data for
samples from some locations cannot be evaluated. These include some samples
collected by bailing and samples from some wells at which the water quality

appears to be changing with time.

At many locations, samples were collected first by the USGS by bailing or
swabbing and later by other groups (such as Sandia, Hydro Geo Chem, or the
WQSP) after long-term pumping tests. Comparing these data sets showed that
many (but not all) of the bailed or swabbed samples appeared to be
contaminated, perhaps by drilling fluid that was not completely removed by the
bailing or swabbing process. At some locations, however, the only available
data are the USGS analyses of samples they collected by bailing or swabbing.
Because some, but not all, of the bailed or swabbed samples from other loca-
tions have been shown to be contaminated, there is no good way of evaluating
the representativeness of most of these samples. The data are therefore

included in Table 3-12, but warnings are given in the footnotes.

At several locations, the chemistries of water samples collected at
different times are significantly different, but not necessarily because of
difficulties in collecting apparently representative samples or because of
analytical errors. These' locations are discussed in more detail in the

footnotes of Table 3-12.

3.3.2.6 Data Variability. Concentrations of dissolved solids in ground
waters from three water-producing horizons of the Rustler Fm. vary widely in
the study area (Figure 3-10). Specifically, TDS ranges from <3000 to >300,000
mg/L. Major solute ranges are Cl-, ~30 to ~300,000 mg/L; 5042', ~400 to
~20,000 mg/L; Na, ~50 to >100,000 mg/L; K, ~4 to >20,000 mg/L; Ca, ~500 to
~18,000 mg/L; and Mg, ~10 to >80,000 mg/L.

The Culebra Dolomite shows variations similar to those of the Rustler Fm.
overall, with TDS ranging from <3,000 mg/L to >300,000 mg/L in the study area.
Within the WIPP site boundary (Figure 3-10), TDS concentrations in Culebra
waters range from ~10,000 to >200,000 mg/L. Major solute ranges in Culebra

waters from wells within the site boundary are Cl-, <8,000 to >100,000 mg/L;
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S042-, ~1,500 to ~8,000 mg/L; Na, ~3,000 to ~80,000 mg/L; K, ~100 to ~1,500
mg/L; Ca, ~700 to ~2,000 mg/L; and Mg, ~100 to ~2,500 mg/L.

Waters from the Magenta Dolomite are generally fresher; TDS concentrations
range from ~4,000 to >200,000 mg/L in the study area. The range in the
Magenta is much narrower, ~4,000 to =~25,000 mg/L, if data frem two wells are
ignored: H-10, for which the quality of the sample cannot be evaluated; and
WIPP-27, where the quality of the water is affected by potash-mining -
activities. Within the site boundary, the range is ~4,000 to ~25,000 mg/L.

Waters from the Rustler/Salado contact zone are the most saline, with TDS
concentrations ranging from 70,000 to >300,000 mg/L in the study area. Within
the site boundary, the range in TDS concentrations is much narrower, ~300,000
to ~400,000 mg/L. .

3.3.3 Hydrochemical Model for Culebra Ground Waters

One goal of constructing an interpretive hydrochemical model for the
Culebra Dolomite is to provide a conceptual basis for predicting the chemical
and hydrologic response of the aquifer to the influx of brine and
radionuclides from the repository. Several questions were addressed by a
recent hydrochemical facies study of the Culebra (Siegel, Lambert, and
Robinson, 1989):

1. 1Is the spatial distribution of solutes consistent with the hydrologic flow
directions predicted independently by hydrogeologic studies assuming

steady-state, confined flow?

2. On what time scale can the Culebra Dolomite be considered confined; is it

receiving modern recharge at the WIPP site?
3. On what time scale can the flow within the Culebra Dolomite be considered

transient; has the north-south flow direction indicated by hydrologic data

been constant throughout the Pleistocene Epoch?
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4. What chemical reactions control the composition of waters in the Culebra
Dolomite; howlstrongly chemically buffered is the rock/water system with
respect to possible chemical changes that may be induced by the influx of

wastes and brines into the aquifer as a result of a release?

This section reviews the current understanding of these subjects.
Consistency of flow directions suggested by geochemical and hydrologic data
can be further supported by demonstrating that the location and magnitude of
solute fluxes from potential sources and to potential sinks produce the
observed distribution of solutes in the postulated hydrologic flow field. An
important part of this analysis is the identification of hydrochemical facies,
water types that have similar chemistries and origins. Resolving the ques-
tions of modern recharge, transience, and confined flow requires examination
of isotopic ratios and the distribution of diagnostic minerals in order to
differentiate the independent histories of the solutes, water molecules, and
mineral phases in the Culebra Dolomite. Evaluating the degree to which the
Culebra aquifer is buffered against future chemical changes requires
identifying the major sources and sinks of solutes in the Culebra Dolomite and

an assessment of the degree of chemical equilibrium in the aquifer.

3.3.3.1 Hyvdrochemical Facies of Culebra Ground Water, Based on

stratigraphic and hydrologic data and the major solute compositions described
in Section 3.3.2 and by Siegel, Robinson, and Myers (1989), four hydrochemical
facies are delineated (Figures 3-11 and 3-12).

Zone A comprises a saline (about 2 to 3 molal) NaCl brine with a Mg/Ca
molar ratio >1.2. This water is found in the eastern third of the area shdwn
in Figure 3-10; the zone coincides roughly with the region of low
transmissivity. On the western side of the zone, halite in the Rustler Fm,
has been found only in the unnamed lower member; in the eastern portion of the
zone, halite has been observed throughout the Rustler Fm. (Figure 3-4). Zone
B is an area of dilute, CaSO4-rich water (ionic strength <0.1 molal) in the
southern part of the area shown in Figure 3-11. This zone coincides with a
high-transmissivity region; halite is not found in the Rustler Fm. in this
zone. Zone C contains waters of wvariable compeosition with low to moderate

ionic strength (0.3 to 1.6 molal) in the western part of the WIPP site and the
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Figure 3-11.

TRI-6330-78-0

Hydrochemical facies of the Culebra Dolomite. Compositions of
waters at locations indicated by solid circles are described in
Figure 3-12. Compositions of several other wells indicated by
open circles were not included in original data set used to
define the facies, but their compositions are consistent with
the . facies boundaries (. * * * ) (Siegel, Lambert,
Robinson, 1989).

and
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Trilinear Diagram (eq. ratio) .
for Culebra Waters

FACIES

TRI-6330-35-0

Figure 3-12. Trilinear diagram for Culebra ground waters (Siegel, Lambért,
and Robinson, 1989).
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eastern side of Nash Draw. Mg/Ca molar ratios are <1.2. This zone coincides
with a region of variable transmissivity. In the eastern part of this zone,
halite is present in the lower member of the Rustler Fm.; on tﬁe western side
of the zone, halite is not observed in the formation. The most saline (NaCl-
rich) water is found on the eastern edge of the zone, close to core locations
where halite is observed in the Tamarisk Mémber. Zone D is a fourth zone,
comprising wells WIPP-27 and WIPP-29, defined based on inferred contamination
related to Potaéh,refining operations. Waters from these wells have
anomalously high salinities (3 to 6 molal) and K/Na weight ratios (0.2)
compared with other wells in the region (0.01 to 0.09). At WIPP-29, the
composition of the Culebra water has changed over the .course of a seven-year
monitoring period. The Mg/Ca molar ratio is anomalously high; ranging from 10

to 30 during the monitoring period.

The chemical characteristics of each facies are described by a Piper
(trilinear) diagram that summarizes relationships between the major solutes in
the Na-K-Mg-Ca-Cl-504-C03 system (Figure 3-12). The diagram shows the
relative proportions of the ions on the basis of equivalents/liter. Relative
proportions of cations and anions are displayed in the triangular plots in the
bottom half of the figure; relative proportions of divalent to monovalent
cations and chloride to (sulfate + carbonate) are shown in the rhombus in the

upper portion of the diagram.

Compositions of Culebra waters from Zone A have nearly identical ionic
proportions and plot on the same location in the graph near the Na-Cl corner.
They are distinguished from waters in Zone C by their higher Mg/Ca ratio and
ionic strengths. Dilute ground waters from Zone B plot near the Ca-S04
corner, and water from Zone C covers a Wide area. Waters from Zone D have
ionic proportions similar to those of Zone A and are distinguished primarily
on the basis of salinity and K/Na ratio, parameters that are not shown in

Figure 3-12.

3.3.3.2 Hydraulic Versus Geochemical Confinement. Hydrologic tests with

durations of a few months have revealed that on such a time scale the Culebra
Dolomite is hydrologically confined at all locations that have been sampled,

except WIPP-25, WIPP-27, and WIPP-29, and possibly WIPP-26 and H-7.
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Generally, the hydraulic relationships suggest that there is only limited
vertical connection between the Culebra and overlying strata. Hydraulic
measurements can quantify short-term responses of the hydrologic flow system
to transient pressure pulses such as slug- and pump-testing, but geochemical
measurements are more related to mass transport and rock/water interactions
that take place over longer periods, up to severél thousand years. Relevant
geochemical observations include studies of stable isotopes and mineral

alteration.

Lambert (1989) discussed in detail the isotopic geochemistry of Rustler
and related ground waters and summarized the data (oxygen and hydrogen
isotopes; carbon isotopes including radiocarbon; tritium; radiochloride; and
uranium concentration and 234U/238U activity ratios) and their interpreta-
tions. This discussion is in turn a summary of that work, which is drawn from
several sources (Lambert and Mercer, 1978; Lambert and Robinson, 1984; Lambert

and Harvey, 1987; Lambert and Carter, 1984, 1987).

Hydrogen and Oxygen Isotopes in Ground Waters. Confined Rustler ground

waters near the WIPP and in Nash Draw have isotopic compositions very tightly
clustered along the worldwide meteoric field in §D-§180 space (Figure 3-13).
Ground waters whose stable-isotope compositions deviate markedly from that of
a characteristically meteoric signéture occur at the Rustler/Salado contact in
the low-permeability portions of that zone in the central and eastern parts of
the WIPP site (Lambert, 1989) and near the surface in the Culebra and Tamarisk
Members in the southwest portion of Nash Draw, where hydrologic conditions are
not as confining. Deviations in waters at the Rustler/Salado contact are
attributable to a profound degree of rock/water interaction involving a
relatively large rock/water ratio. The isotopic signatures observed in south-
western Nash Draw can arise from partial evaporation from the vadose zone and
the capillary fringe above the water table. Confined meteoric Rustler waters
are virtually identical in stable-isotope composition to confined meteoric
Capitan waters at the basin margin, indicating recharge of both types of

confined waters under similar climatic conditions.

By comparison, vadose Capitan waters from the Carlsbad Caverns systen,

ground water from a water table in alluvium, and near-surface accumulations
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Figure 3-13. Stable-isotope compositions of ground waters from the Rustler

Fm. and other rocks in southeastern New Mexico (Lambert, 1989).,
Small deviations of ground waters from the meteoric field (up
to -1090c), within which nearly all the data lie (line a), are
not considered significant (cf. Allison et al., 1985). WIPP-29
Culebra and Surprise Spring can have evolved by evaporation
from a shallow water table, with a 6D/8180 trajectory having a
slope of 2 (lines b; Allison, 1982), from modern southeastern
New Mexico water from the Ogallala aquifer (rectangle; 6D range
determined by Yapp, unpublished) likely to have been imported
for use 'in nearby potash-refining operations. Alternatively,
they can also have evolved from modern-type water by oxygen-
isotope shift (horizontal dashed lines c¢). They probably did
not originate from partial evaporation of confined Rustler-type
water with a trajectory slope of 5 (line d; Craig et al.,
1963), a slope representing partial evaporation from a water
surface exposed to the atmosphere.
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that homogenize seasonal variations in isotopic composition also have meteoric
isotopic signatures, but have isotopic compositions more positive in §D-5180
space than confined Rustler and Capitan waters (Lambert and Harvey, 1987).
The  envelope of §-values for confined Rustler water does not overlap with that
of waters from the Carlsbad Caverns system (Figure 3-13). The data of Nativ
and Smith (1987) reveal that in Ogallala ground waters underlying the High
Plains to the east, climatically similar to the Delaware Basin, the only
ground waters containing tritium levels indicative of recent (post-1950)
meteoric derivation (>10 TU), all have 6D values > -42 9/, comparable to
near-surface unconfined meteoric waters in the Delaware Basin (Figure 3-13).
Thus, the isotopic signatures of confined Rustler and Capitan waters are
distinct from those of both Ogallala water with discernable modern input and
vadose Capitan and alluvial water. It is 1likely that the isotopic
compositions of confined Rustler and Capitan ground fvaters in the northern
Delaware Basin are not characteristic of ground waters receiving modern
meteoric recharge under the present climatic conditions. This interpretation
is not consistent with the interpretation of Chapman (1986) to the effect that
the stable-isotopic character of confined Rustler ground waters is consistent
with derivation from modern meteoric precipitation. It is, however,
consistent with interpretations of available results of radiocarbon and

uranium-disequilibrium studies on Rustler ground waters, discussed below.

Some, but not all, Dewey Lake ground waters may have a component
characteristic of climatic conditions fostering modern surficial recharge
(Figure 3-13). Some have stable-isotope compositions comparable to the near-
surface occurrences, and some are comparable to confined Rustler ground
waters. Thus, recharge to the Dewey Lake Red Beds, like recharge to the

Ogallala Fm., appears to be variable in both space and time.

Radiocarbon (14¢) Ages. Available radiocarbon ages from the Culebra
Dolomite are in excess of 12,000 to 16,000 years. Only four (three Culebra,
one Dewey Lake) out of 16 well-water occurrences gave internally consistent
ages based on the model of Evans et al. (1979) for carbonate rocks
(Figure 3-14). Ten of the remaining 16 well-water occurrences were complexly
contaminated due to unmitigable well-bore effects. The remaining two are

ambiguous, but all 16 probably represent three-component mixing including some
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Figure 3-14.

Tritium and radiocarbon in Rustler and Dewey Lake ground waters
(Lambert, 1989). Unless otherwise specified as Dewey Lake (DL)
or Magenta (MA), measurements (all from Lambert, 1987) apply to
water from the Culebra Dolomite. Tritium units enclosed in
rectangles. These data indicate long residence times or long
travel times from recharge areas, but provide no evidence of
either modern vertical infiltration or monotonic age gradients
indicating north-to-south flow. B
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contamination. It is not possible to estimate an upper age limit, because of
the unavoidable possibility of at least small amounts of unmitigable

contamination in these samples.

Three ages for the Culebra Dolomite (at H-6, H-4, and H-9) were determined
at localities that effectively "bracket" the WIPP site on the north and south.
The lack of a statistically significant difference among these ages, and the
lack of a north-south gradient in apparent age suggests either that rates of
vertical infiltration at each location have been virtually identical, or that
lateral flow times to each location from the surface-recharge area(s) have

been virtually identical.

The four dated ground waters (three Culebra and one Dewey Lake [Pocket
Welll) all have stable-isotope compositions belonging to the more negative
population in §D-5180 space (Figure 3-13). Thus, it is inferred that Rustler
and Dewey Lake ground waters in this population have a significant component
at least 12,000 radiocarbon years old. All the tritium measurements from the
WIPP area, which are associated with the more negative (confined Rustler)
isotopic compositions, are <3 TU, indicating minimal contribution from the

atmosphere since 1950 (cf. Isaacson et al., 1974) (Figure 3-14).

An influx of meteoric water to the Culebra Dolomite no more recently than
about 10,000 years ago is consistent with paleoclimatic data. The
southeastern New Mexico climate more than 10,000 years ago fostered vegetation
now found only at higher elevations, as indicated by packrat-midden studies
(Van Devender, 1980). Late Pleistocene climate was probably wetter and more
conducive to recharge, as indicated by the concordance between the ages of
packrat middens and the relatively less-contaminated radiocarbon in the
Rustler and Dewey Lake ground waters described above. Fossil fauna (camels,
horses, bison) from extinct spring deposits in Nash Draw near the WIPP site
are of similar age and also indicate wetter conditions than at present
(Bachman, 1981). The significance of these data to the questions of

transience of the hydrologic system is discussed in Section 3.3.3.

Strontium Tsotope Chemistry of Sulfates and Carbonates. 87Sr/86Sr ratios

of sulfate and carbonate mineral veins, generally interpreted as the
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depositional record of fluid flow preferentially concentrated in fractures,
are indistinguishable from those of their host rocks throughout the Rustler
Fm. This indicates a dominantly internal, not external, source for the mass
transport represented by the vein fillings (Brookins and Lambert, 1988;
Lambert, 1989). Aside from the Magenta and Culebra Dolomites, the 875r/86gr
ratios of the Rustler anhydrites and gypsums (which range from 0.70694 to
0.70714) are similar to but slightly gréatef than those of unaltered
anhydrites interbedded with halite and polyhalite in the Salado Fm.
(Figure 3-15), which have never been in contact with large amounts of meteoric
water. - This similarity shows that mass transport of sulfate and carbonate
from surface-weathered>outcrops in the recharge zone has made a limited
contribution to the soluble cationic constituent of the Rustler Fn. In
contrast, veins in the Dewey Lake Red Beds containing selenite and calcite
appear to have a continuum of 87sr/86sr ratios (ranging from 0.70722 to
0.70861), representing mixing of materials derived from both Ochoan evaporites
typical of the Rustler Fm. and deeper rocks, and near-surface deposits, such
as caliche and gypsite . spring deposits (Figure 3-15). These relationships
show that the spring deposits were not derived solely and directly from
Rustler rock dissolved and mobilized westward in the late Pleistocene (cf.
Bachman, 1981), but instead require a dominant component similar to the high-

87Sr extreme in Dewey Lake strontium.

The strontium-isotope data suggest that wvertical material transport from
the surface to layers underlying the Dewey Lake Red Beds has not been
extensive. Even at localities of suspected vertical solution or fracture
channels (e.g., WIPP-14, WIPP-33, and WIPP-34), the 87Sr/85Sr ratios in the
partially gypsified anhydrités of the Forty-niner and Tamarisk Members
indicate minimal admixture of surface-type strontium having a high 87Sr/86Sr
ratio, a moderate amount of such admixture in the Culebra Dolomite, and
extensive admixture in the Dewey Lake Red Beds. This stratification of
strontium constitutes evidence of minimal mass transport across the
Rustler/Dewey Lake contact, while allowing lateral transport of some surface-
type strontium through the Culebra Dolomite from its near-surface exposures.
This conclusion is supported by the preservation of extensive amounts of
anhydrite and a varying water/rock ratio during partial gypsification in the

non-dolomitic Rustler units overlying the Culebra Dolomite, which suggest:
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that large amounts of water have not permeated vertically from the surface to

recharge the Culebra.

Hydrogen Iscotopes in Gypsum and Anhydrite. Vertical wvariations in D/H
ratio, together with the minimal surficial component of Sr described above,

suggest that ground-water flow within the Rustler Fm. near the site is largely
stratabound, having been recharged where near-surface exposures of water-
bearing units can receive infiltration and subsequently having moved
laterally. The D/H relationships in gypsums from ‘the Rustler Fm. and Dewey
Lake Red Beds are characteristic of gypsification of anhydrite (or
recrystallization of pré-gxisting gypsum) in the presence of meteoric water.
No gypsum t::hus far examined bears an isotopic signature that would be expected
for primary marine evaporitic sulfate (§D > 09,,). Although all gypsums
examined were meteorically influenced (6D < -409%,)), their 6D values vary
widely (Figure 3-16). All 8D values except from WIPP-19 are consistent with
isotopic equilibrium between their waters of crystallization and varying
a§nounts of Rustler-type (Pleistocene) meteoric water (Figure' 3-16a). Some of
the gypsums and selenites could have recrystallized in the presence of
surface-type (modern) meteoric water given a high water/rock ratio (Figure
3.16b). Rustler gypsum and Dewey Lake selenite at AEC-8 and gypsum from WIPP-
33 Forty-niner and WIPP-34 Magenta have §D values that are not consistent with
recrystallization in the presence of any amount of shallow-type (modern)

water.

Regionally, 6D does not correlate with depth, suggesting a nonuniform
vertical permeability throughout the Rustler/Dewey Lake section. In a given
borehole core, the water/rock ratio inferred from the gypsum D/H ratio is
highest, as might be expected, near the brittle, water-bearing zones in the
Rustler Fm. and diminishes with distance from such a zone. In addition, the
water/rock ratios in gypsiferous horizons adjacent to the water-bearing
dolomites are much lower than in the dolomites themselves, as suggested by the
D/H ratios of gypsum and of various ground waters. Such variations in the
water/rock ratio are consistent with some water having escaped from the
Culebra Dolomite into adjacent beds (perhaps acquiring some solutes from

halite dissolution).
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Figure 3-16a.
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8D values of the water of crystallization in gypsums as a
function of depth (Lambert, 1989). Circles represent Rustler
gypsum; squares correspond to samples from Dewey Lake selenite
veins. Abbreviations: Lwr = lower member; Tam = Tamarisk;
Mag = Magenta; 49r = Forty-niner. Solid lines delineate the
range of gypsum compositions expected from recrystallization in
the presence of a large amount of Rustler-type meteoric water
(extremely high water/rock ratio). Dashed lines bound gypsum
8§D values expected from small amounts of such water completely
scavenged during gypsification of anhydrite, and correspond to
the 6§D field for confined Rustler waters in Figure 3-11.
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The above observations show that recharge has not taken place vertically
from the surface. The variations in D/H are not consistent with water
migrating downward into the Culebra Dolomite, first passing through a region
of low water/rock ratio without having affected the gypsification of overlying
anhydrite. If this were a significant mechanism of recharge to the Culebra
Dolomite, the stable-isotope composition of Culebra waters would exhibit a
measurable shift away from meteoric values as a result of water/rock interac-

tion in a zone of low water/rock ratio.

3.3.3.3 Steady-State Versus Transient Flow. Ramey (1985) observed that

if the Culebra Dolomite is a confined aquifer at steady state, then present-
day regional water-flow directions are not consistent with the salinity
distribution at the WIPP site, given the assumption of steady-state, confined
flow. He baked this observation on a fairly limited number of water samples
analyzed as of 1983, The more extensive data sets examined by Siegel,
Robinson, and Myers (1989) and Section 3.3.2 confirm this observation. As
shown in Figure 3-11, Zone B, a facies with low salinity and element ratios
inconsistent with halite dissolution, lies downgradient from more-saline water
in Zone C. Flow within Zone C may be consistent with progressive addition of
solutes from dissolution of halite in the lower member; however, the current
uncertainties in the hydrologic models and geochemical data do not allow for

quantitative mass balance modeling along the hydrologic flow paths.

The inconsistencies between the steady-state, confined-flow, hydrologic
model and geochemical interpretations might be reconciled by considering the
differences in the time scales reflected by the computed hydrologic flow
field, isotope ratios, and spatial distributions of solutes and minerals.
Specifically, the assumption of steady-state confined flow may be adequate on
the 100-year time scale of hydrologic testing and disturbances related to the
construction of the WIPP shafts. Measurements of modern head potentials,
transmissivities, and fluid densities, however, do not directly indicate time
scales on which the system might be transient. In fact, isotopic data suggest
that transient phenomena have taken place over the past 10,000 to 20,000 years

in response to climatic change.
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Uranium-Isotope Disequilibrium Data, Lambert (1989) suggested that ‘the
apparent inconsistency between the steady-state hydrologic model and solute-
distribution pattern can be explained by a change in flow direction in the
past 30,000, perhaps 12,000, years. As discussed above, the hydrologic -
balance has changed since the Pleistocene Epoch, and ground water currently
flows southwesterly. Evidence for a change in flow direction consists partly

of the available uranium-isotope disequilibrium data.

Given the assumptions of the model of Osmond and Cowart (1976) for uranium
systematics in confined hydrologic flow systems, generalized flow directions
in confined Rustler ground waters as inferred from 234U/238U relationships
appear to require recharge from a direction with an eastward-flowing component
(Figure 3-17). This is not parallel to modern flow directions inferred from
potentiometric heads alone (cf. Figure 3-11). A change in flow direction back
toward the west (the modern flow direction indicated for saturated portions of
the Magenta Dolomite [Mercer, 1983]) during the past 10,000 to 30,000 years is
likely. During the time of wetter Pleistocene conditions, when the Rustler
Fm. was being recharged at its outcrops in Nash Draw, the base level there was
probably also being lowered by accelerated erosion and dissolution. With the
onset of a drier Holocene climate and the cessation of significant recharge,
the area whose base level was lowered has probably governed the local

hydraulic gradient, resulting in a general southward drainage.

Origin of the Southern Low-Salinity Zone. More-oxidizing conditions in

the south than in the. north have been interpreted to indicate possible
vertical recharge in the south, accounting for dilution of more saline brine
apparently flowing from the north (Myers et al., 1989). However, the avail-
able radiocarbon-model age in the southern, less saline Zone B (H-9), is no
younger than in the northern, more saline Zone C (H-4 and H-6 wells); this
argues against dilution by modern vertical recharge in the south. Similarly,
model ages are no older in the south, arguing against. a monotonic, north-to-
south, steady-state flow persisting since the Pleistocene Epoch. The one
available radiocarbon age from the Dewey Lake Red Beds overlying the Rustler
Fm. (Pocket Well) is consistent with this interpretation. The stable-isotope
characteristics of the Dewey'Lake Red Beds, however, are consistent with the

interpretation that both waters are at least 12,000 to 16,000 years old and
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that waters representing modern meteoric recharge in the area may be present

in this unit.

Steady-state, north-to-south, confined flow would not have preserved the
lower salinity zone downgradient from the saline zone (Figure 3-11). The
lower-salinity zoﬁe could have arisen if the regional flow direction
originally had a significant westerly component, as suggested by the generally
eastward-increasing 234U/238U activity ratios discussed above. Similarities
in radiocarbon age in ‘the north and south are consistent with water recharging
both mnorth and south parts of the WIPP area simultaneously from a near-surface
Pleistocene infiltration zone in the west-northwest (Figure 3-11), with ground
water at one time flowing locally subparallel rather than subnormal to the
hydrochemical facies boundary between Zones B and C. A likely paleorecharge
zone 1is nearby in surface outcrops of the Rustler Fm. to the west in Nash

Draw.

A likely explanation for the less saline waters of Zone B is that at the
time of influx of the present generation of Culebra ground water in late
Pleistocene time, Rustler halite was absent adjacent to the Culebra Dolomite,
thus not providing a source of NaCl. This is consistent with the present-day
correlation of halite occurrence in the Rustler Fm. (Figure 3-4) and the
hydrochemical facies pattern (Figure 3-11). The halite might never have been
deposited in the south, or pre-existing halite may have been removed by
earlier dissdlution during the development of the southeastern lobe of Nash
Draw, which is included in Zone B. This dissolution, however, would have
taken place in response to an episode of ground-water flow older than the
present regime, which began as early as 16,000 years ago. This older episode
of dissolution could have occurred as early as 600,000 years ago, in a time of
wetter climate, while Nash Draw was still forming as part- of the channel

system of the ancestral Pecos River (Bachman, 1980).

3.3.3.4 (Chemical Reaction Model for Composition of Culebra Ground Waters.
Mineral saturation indices illuminate the nature of chemical processes that
control solute concentrations in ground waters. Saturation indices in Culebra
waters have been calculated for minerals commonly observed in the Ochoan

Series. The computer code PHRQPITZ (Plummer et al., 1988), which uses the
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Pitzer model for ion-interactions, was used. These calculations show that all

waters are undersaturated with respect to halite, and with the exception of
WIPP-29 in Zone D, all samples are undersaturated with respect to anhydrite.
All water samples are saturated with respect to gypsum; dolomite and calcite
saturation indices generally indicate sﬁpersaturation with respect to the
carbonates. As discussed by Siegel, Robinson, and Myers (1989), the loss of
COp gas from the water during sample collection or uncertainties in the pH
measurements resulting from the use 6f an activity scale inappropriate for

saline NaCl brines may be responsible for the apparent supersaturation.

A partial-equilibrium model for the chemical evolution of water in the
Culebra Dolomite has been proposed by Siegel, Robinson, and Myers (1989). 1In
a partial-equilibrium system, solution/mineral equilibria shiftvnearly
reversibly in response to an irreversible process (Helgeson, 1968; Plummer,
1984). All Culebra water samples that have been analyzed are undersaturated
with respect to halite. Dissolution of salt and the concommitant increase in
salinity is an effectively irreversible chemical reaction affecting the water
chemistry. Although the saturation indices for gypsum, calcite, and dolomite
are near zero, the waters may still be capable of dissolving significant
amounts of these phases. The increase in salinity caused by the dissolution
of halite changes the apparent 501ﬁbilities of carbonates and sulfates.
Apparent solubilities of gypsum and dolomite increase up to 3 molal ionic
strength and then decrease (Figures 3-18 and 3-19). Similar relationships
exist between the solubilities of calcite and anhydrite and ionic strength.
This means that as waters in the Culebra Dolomite gain solutes by dissolution
of halite, they may either dissolve or precipitate carbonates and sulfates

depending upon the ionic strength.

Isotopic studies of minerals and waters provide some support for this
model. Stable-isotope compositions of carbonates indicate no recrystalliza-
tion of dolomite in equilibrium with the ground water now found in the Culebra
Dolomite, but local precipitation of calcite at the expense of dolomite has
apparently occurred in samples from WIPP-33 in the Magenta and possibly the
Culebra Dolomites. Dissolution of dolomite still is possible, which would
leave neither mineralogical nor isotopic record. Thus, the mineralogical and

isotopic records are consistent with widespread dissolution of dolomite and
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Figure 3-18. Relationship between apparent solubility product (lbg Q) for

gypsum and ionic strength in: Culebra water samples (Siegel,

‘Robinson, and Myers, 1989). Log Q 1is calculated from the
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Section 4.2.2 in Siegel, Robinson, and Myers (1989) for
discussion of method of calculation.
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local precipitation of calcite, which are indicated to be possible by the

thermodynamic calculations.

Although reprecipitated carbonate in the Rustler Fm. under the present
hydrologic regime appears to be rare, reprecipitated gypsum appears to be
common. ,87Sr/865r ratios (Figure 3-15) indicate that the calcium sulfate was
not imported by dissolution in a near-surface weathered recharge zone. The -
variations in D/H ratios in the waters of crystallization of Rustler gypsum
attest to recrystallization in the presence of meteoric water. Although most
of the dissolved calcium sulfate originated locally within the evaporite
section, the solid calcium sulfate hydrated in response to influx of meteoric
water (Figure 3-16). The wvariations in D/H ratio, both laterally and
vertically, attest to differing generations of meteoric water of different
isotopic compositions hydrating the sulfate, or else differing water/rock
ratios with an isotopically uniform reservoir contributing to  the
cfystallographically bound water, or some combination of the two. Thus, there
is isotopic as well as thermodynamic indication that gypsum has recrystallized

(both dissolved and reprecipitated) in the presence of Rustler ground waters.

3.3.3.5 Conclusion. The geochemical and isotopic data presented in this
section suggest that inferences about flow direction and veiocity based on
hydrologic testing may not be applicable to directions and velocities in the
past 10,000 years, or in the next 10,000 years, the interval of interest to
regulatory agencies governing radioactive-waste repositories. The present-day
regional water-flow directions are not consistent with the salinity
distribution at the WIPP site, given the assumption of steady-state, confined

flow.

Mbderh flow within the Culebra Dolomite at and near the WIPP site appears
to be largely north-to-south, except in relatively low-transmissivity areas
directly affected by either the high-transmissivity zone in the southeastern
portion of the site or by Nash Draw west of the site. However, hydrochemical
facies Zone B, a facies with low salinity and element ratios inconsistent with
halite dissolution, lies downgradient from more saline water in Zone C. One
view, based partially on uranium-isotope disequilibrium data, suggests that

this apparent anomaly can be explained by a change in flow direction in the
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past 30,000, perhaps 12,000, years. . Prior to that time, the recharge

direction was dominantly from the west-northwest.

The amount of possible vertical flow into and out of the Culebra Dolomite
near the center of the WIPP site cannot be determined from the hydrologic data
alone. Isotopic and mineralogic data suggest that vertical material transport
into the Culebra Dolomite at a few locations in the WIPP area and to the east
and south is currently not occurring and has not occurred to a significant

degree for several thousand years.

A model for the chemical evolution of water in the Culebra Dolomite
suggests that dissolution of salt and the concommitant increase in salinity is
an important irreversible process affecting water chemistry. The solubilities
of the carbonate and sulfate minerals increase over the range of ionic
strengths observed in Zones A, B, and C. Thus, the Culebra waters in these
zones are capable of dissolving additional halite and anhydrite and of

dissolving or precipitating gypsum, calcite, and dolomite.

3.3.4 Radionuclide Retardation in the Culebra Dolomite

The major conclusions of Section 3.3.4 are listed below.

« If large amounts of organic ligands and brine are mixed into the Culebra
Dolomite during human intrusion, radionuclide Kgq's applicable to transport

ih the Culebra will be lower than the values assumed in the FEIS.

+ The usefulness of Kg’'s in transport modeling is limited, because their use
assumes that the reactions involved are reversible, and because the
coefficients do not distinguish among such processes as sorption,

precipitation, and coprecipitation.

+ Kg’'s assumed here are estimated from experimentally measured data by
considering the expected ranges in pH, Eh, concentration of organic
compounds, ionic strength, and carbonate complexation of brines. The
estimated Kg’'s are a compromise between empirical data and calculations for

simplified systems.
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+ Assuming that the sorption of actinides onto surface hydrolysis sites of
mixed-layer clays is similar to the sorption behavior of U and Pu onto iron
hydroxides (goethite), Kq's may be reduced by several orders of magnitude,

but Kgq's of zero are extremely unlikely.

3.3.4.1 Limitations in the Use of Distribution Coefficients (Kg).

Radionuclide distribution coefficients (Kg) are used in transport codes to
calculate the partitioning of radioelements between ground water and rock.

The Kq is defined as

amount of radionuclide per gram rock
amount of radionuclide per mL solution

Kq -

Although convenient for use in transport equations, Kg's are based on a
number of questionable or invalid assumptions. In theory, the notation Kq is
used for the thermodynamic distribution coefficient describing reversible
sorption or coprecipitation. Most measured Kgq values are based solely on
measurements of radionuclide concentrations remaining in solution after
contact with the rock of interest. Commonly used techniques cannot
distinguish among several processes that can lead to loss of the radionuclide
from solution, including sorption, precipitation, and irreversible
incorporation (coprecipitation) of the radionuclide into a precipitate formed
from the constituents of the background electrolyte. The extent of sorption
of the radionuclide onto a substrate depends strongly on the nature of several
reactions that compete for both the radionuclide and the sorption sites.
These include hydrolysis, complexation of the radionuclide with inorganic or
organic ligands, and competition with other sorbing species for the sorption
sites. Rather than being a constant, in general the Kg for an element depends

strongly on a large number of solution and solid properties.

The use of a constant Kq in solute-transport calculations is accurate only

when several conditions are met:

1. Reactions such as precipitatibn, dissolution, and colloid formation do not

change the aqueous concentration of the solute along the flow path;
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2. The compositions of water and rock along the flow path are the same as

those used in the Kg experiment;

3. All aqueous species containing the solute are in chemical equilibrium at

all points along the flow path; and

4. The extent of sorption is independent of the concentrations of solute and

the amount of solid present, i.e., independent of the rock/water ratio.

Most of these conditions are not met at the WIPP repository and site.
Water chemistry Varies spatially and temporally along potential radionuclide
flow paths (Sections 3.3.2 and 3.3.3; Siegel, Lambert, and Robinson, 1989);
therefore, the amount of sorption would be expected to deviate considerably
from the amount calculated from any single Ky value. As discussed below,
changes in the pH, partial pressure of €02, and concentrations of complexing
ligands and competing cations can increase or decrease the Kg by several

orders of magnitude.

Table 3-13 compares radionuclide distribution coefficients (Kg's) used in

the radionuclide-transport calculations of the FEIS (DOE, 1980a) to the ranges
of values used in this report. The FEIS assumed that the salinity of the
ground water in the Culebra Dolomite was 8,000 mg/L at all points along the
flow path. It also assumed that radionuclide retardation within the Rustler
Fm. could be calculated using the Kq values listed in Table 3-13 in equations
for transport within porous media. Recent work, however, has shown that these
assumptions are inadequate to accurately represent transport within the
Culebra Dolomite. Geochemical and hydrological data presented in Sections
3.3.2 and 3.3.3 suggest that the salinity of Watér within the Culebra Dolomite
is commonly higher than 8,000 mg/L, and that the concentrations of both
organic and inorganic constituents will increase during reasonable release
scenarios. Kg values ére valid only for the conditions under which they were

gathered; Kq's obtained in studies cited by the FEIS will not be applicable

for conditions now expected for radionuclide release. In addition, it is
likely that much of the radionuclide transport will take place within discrete
fractures; the use of the K3 values in transport equations for porous media

may not be wvalid for the Culebra Dolomite. This section discusses the
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Table 3-13. Comparison of Radionuclide Distribution Coefficients for Culebra
Dolomite Used in the FEIS (DOE, 1980a) and in this report (Kgq in

nl/g)
K4 Range for
Element FEIS K4 Matrix in this Report?
Pu | 2100 25 to 300
Am 1460 100 to 500
Cm Nc3 100 to. 500
U 10 1 to 10
Np 350 1 to 10
Ra 25 0.05 to 100
Pb NC3 ~0.05 to 100
Th » 2190 25 to 300

1. Total dissolved solids (TDS) of Culebra Dolomite assumed to be 8,000 mg/L
along flow path.

2. Actual Kgq values used in numerical calculations depend on substrate and
solution compositions, as defined by the case assumed for the calculation.

3. NC = not considered in transport calculations of FEIS,

inadequacy of the assumptions used in the FEIS and the procedures used here to

represent radionuclide retardation within the Culebra Dolomite.

The choice of "recommended" Kg values for the transport calculations
described in Chapter 5.0 and Appendix E of this report required many
subjective assumptions that cannot be supported rigorously. The values given
in Appendix E are considered to be realistic in light of available data;
however, research in. progress may invalidate the logic and recommendations

presented below. The following sections describe the expected geochemical
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conditions in the Culebra Dolomite and provide a conceptual basis for

estimating appropriate Kg values for the transport calculations.

3.3.4.2 Geochemical Conditions jn the Culebra Dolomite. The geochemistry

of the Culebra Dolomite under undisturbed conditions is summarized in Sections
3.3.2 and 3.3.3. Potential changes in the composition of the Culebra waters
resulting from a breach of the repository that are important to radionuclide
retardation are discussed here. Within the WIPP site, salinities of water in
the Culebra Dolomite range from ~10,000 to >200,000 mg/l. The ground water is
saturated with respect to gypsum, calcite, and dolomite and undersaturated
with respect to halite and anhydrite. The ground water is in a state of
partial equilibrium; dissolution of additional halite will be accompanied by
dissolﬁtion of additional gypsum, calcite, and dolomite (Siegel, Robinson, and

Myers, 1989).

In the repository, solution chemistry will be dominated by the composition
of Salado brines, leachates from the waste, concrete, and steel drums, and the
products of anaerobic microbial degradation. Fluids in contact with the waste
will contain high concentrations of salts and unknown amounts of organic
sequestering agents and radionuclides. These solutions from the waste panels
will be modified by interactions with solids along transport paths through the
drifts and shafts. As discussed in Sections 4.5 and 4.6, the uncertainties in
the pH, redox conditions, and concentrations of radionuclides and other

solutes in these fluids span many orders of magnitude.

The composition of radionuclide-bearing solutions at various locations
within the Culebra Dolomite will depend on the composition and volume of the
solution from the repository that reaches the aquifer. 1In Case I, the ratio
of the flux of the repository fluid to the flux of Culebra water is assumed to
be very small; therefore the major solute composition of the resultant fluid
is assumed to be similar to that of the undisturbed Culebra Dolomite.
Alternatively, if the mixing ratio (repository fluid/Culebra fluid) is high,
then the resultant composition will resemble that of the repository fluid. 1In
Case ITIA, the composition of the fluid in the Culebra Dolomite is assumed to
be affected by the high salinity of the Salado and Castile brines. In Cases

IIB, IIC, and IID, it is also assumed that organic ligands from the waste are
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brought to the Culebra Dolomite from the repository by brines from the Castile

and Salado Fms., decreasing Kq's.

The mineralogy of the Culebra Dolomite has been described by Sewards et
al. (1989). The dominant mineral in the matrix is a fairly pure dolomite.
Clay, gypsum, and calcite are distributed heterogeneously both vertically and
horizontally in the matrix., '~ Clay and quartz together comprise about 3% by
weight of the matrix on average. Within the fractures, gypsum and corrensite,
a mixed-layer chlorite/smectite, are most commonly observed. - For the
actinides, within the matrix, sorption by clay disseminated within the
dolomite may dominate radionuclide retardation; within the fractures, uptake

by clay may be the dominant retardation mechanism.

3.3.4.3 Review of Available K4 _Data. Kg data relevant to the WIPP are

summarized in Tables 3-14 and 3-15. The Kg data that were examined included
those obtained for several reference clays in WIPP A and B brines (Table 3-16)
in inorganic systems (Nowak, 1980), similar data for WIPP clay and dolomite in
WIPP Brines A and B, Solution C and "Culebra H90" (Serne et al., 1977; Dosch,
1981; Dosch and Lynch, 1978) and data from experiments carried out using
organic leachates from aerobic degradation of WIPP waste in WIPP Brine B with
Culebra Dolomite (Paine, 1977; Dosch, 1979). Additional Kg wvalues were
obtained from a review of data contained in the International Sorption
Information Retrieval System (ISIRS) reported by Tien et al. (1983). Data for
saline waters with and without organics are summarized in Table 3-14; data for

fresher waters are described in Table 3-15,

Data obtained in Brines ‘A and B with added 6rganiq complexants (Paine,
1977;&B°SCh and Lynch, 1978; Dosch, 1979, 1981) are germane for Cases IIA and
1IB. "However, the compositions of these brines are not representative of the
water in the repository horizon. As discussed above, organic :and metal-
containihg waste,; cement, and backfill additives will change the solution pH,
dissolved organic carbon speciation, dissolved oxygen content and
concentrations of metal ionms. Comparison of Kg data obtained in these
solutions provides insight into the -effects of high concentrations of

competing cations and complexing 1igands on sorption.
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Table 3-14. Sources of K4 Data Used to Estimate Values for Repository (Case I) and Culebra (Case II)
Transport (saline water * organic ligands). See Table 3-16 for compositions of WIPP Brines A and B.

Reference Water Rock Organics Reported Kq Range
B Pu Am Cm U Np Eu
Nowak (1980) Brine A Bentonite None 2.3 x 103 350
to 3.4 x 103
Brine B Bentonite None 2 x 104 4.1 x 103 1:4 x 103
to 4 x 104 to 1.4 x 104 to
1.7 x 103
Dosch and Brine A Clay None > 1 x 103
Lynch (1978)
Brine B Clay ' None 4 x 104 310 to 1100 2.7 x 103 > 1 x 104
to 7.2 x 104 to 1.9 x 104
Dissoln Halite None 17 to 59 11 to 306 56 to 354
Brine (As Clay) None (1 x 104 (3.8 x 103 2 x 104
to 2 x 10%) to 1.8 x 105) to 2.1 x 10
Brine A Rustler > 5 x 103
Dolomite
Brine B Rustler  None 2.1 x 103 3.2 x 102 1.3 x 103 > 5 x 103
Dolomite to 5.4 x 103 to 2.6 x 103 to 1.2 x 104
Brine B Anhydrite None 6.7 x 103 2.9 x 102 4.2 x 103 > 1 x 103
Dosch (1981) Brine A Culebra None 0 to 2
Dolomite
Brine B Culebra 1.5
Dolomite to 608
Serne et al. Brine A Rustler 29 to 52
(1977) Dolomite
Brine B Culebra None 50 to 200 340 to 1160 0.0 0
Dolomite to 1.2 x 104 to 7.1 10 22 to 40

to 28
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Table 3-14.

Reference

Paine (1977)
and
Dosch (1979)

Tien et al.
(1983)

Water Rock
Brine B Culebra
Dolomite
Brine B Rustler
Dolomite
Brine B Anhydrite
Brine B Clay
Salt Brine Claystone
(TDS: Carbonate
>3 x 104)
Salts

See Table 3-16 for compositions of WIPP

Organics

EDTA,
" etc.

Waste

Waste
Waste

None

None

None

Brines A and B.

Sources of Ky Data Used to Estimate Values for Repository (Case I) and Culebra (Case II) Transport (saline
water * organic ligands).

Reported K4 Range

Pu Am Cm U Np ' Eu
25 to 6000 100
to 2.8 x 10%4
560 5.7 x 104 70 to 660
to 1.8 x 104 to 1.7 x 103
400
2.8 x 104
3 x 102 90 to 1000 3 x 102 50 5 to 2000
to 1 x 104 to 1 x 104
Ra = 3
50 to 6 x 103 3 x 102 3 x 102 0to3 15 to 30
to 2 x 104 to 1 x 104
20 to 1 x 104 3 x 102 3.5 x 102
to 2 x 103 to 2 x 103
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Table 3-15. Sources of Additional Kgq Data Used to Estimate Values for Culebra Dolomite in Cases I and II

to 1 x 105

(Inorganic
Solutions). See Table 3-16 for compositions of solutions.
Reference Water Rock K4 Range
Pu Am Cm U Np Eu
Dosch and Solution C Rustler 2.4 x 103 2.4 x 103 4.2 x 104 > 1 x 104
Lynch (1978) Dolomite to 7.3 x 103 to 2:2 x 104 to 1.1 x 105
Solution C  Clay 4 x 104 2.3 x 103 1.6 x 105 > 1 x 104
: to 1.8 x 103 to 3.5 x 103  to 4.2 x 107
Solution C  Anhydrite 7.7 x 10%4 2.2 x 103 1.8 x 105 >1x 103
Dosch (1981) Solution C Rustler 13
Dolomite to 175
H2(B,C) Culebra 0.6
Dolomite to 7.4
~ Lynch and H2(B,C) Rustler 83 to 1055 119 to 383
Dosch (1980) Dolomite
Serne et al. Solution ¢  Culebra 42 to 2206 2500 to 3000 1.6 x 103 0 to 16 5 to 35
(1977) Dolomite to 4.3 x 10%
Tien et al. Saline H90  Glaystone 300 200 .
(1983) to 1 x 104 1000 20 1 to 75
: Ra = 30
(DS : Carbonate 500 3000 3000 3 21
5 x 103 to Th = 2.7 x 103
3 x 104 to 1 x 104
fresh H)0  Claystone 30 to 1 x 10% 700 700 1.270 2 to 400
Ra = 300 to 1 x 104 to 1 x 105
(TDS: Carbonate 100-7000 '500' 6 x 103 0 to 15 15 to 30
<5 x 103) " Th=1x 103 to 1 x 107 to 4 x 104




Table 3-16. Nominal Compositions of Ground-Water/Brine Simulants Used in
: Batch Kg Experiments Summarized in Tables 3-14 and 3-15

_ H2(B,C)
Species* Bripne A Brine B Solution C Culebra HoO
Na 42,000 115,000 100 . 2,850
K 30,000 15 5 105
Mg 35,000 10 200 140
Ca 600 900 600 685
Fe 2 2 1 0.07
Sr ‘ 5 15 15 R
Li 20 -- -- Coa.
Rb 20 1 1 ‘-
Cs 1 1 1 --
Mn -- -- -- 0.17
Si -- - -- . 2.6
c1 190,000 175,000 | 200 3,750
Br | 400 400 - ‘-
1 10 10 -- --
F | -- -- - 1.8
S042- 3,500 3,500 1,750 , 3,100
3(3033-) 1,200 10 -- 9.8
HCO3 - 700 10 100 59.5
NO3 - -- -- 20 : 0.09
pH . 6.5 6.5 7.5 7.5

*All concentrations given in units of mg/liter.

Kg data obtained in the "Culebra H90", designated H2(B,C) in Table 3-15
(Dosch and Lynch, 1978; Dosch, -1981), are most relevant for sorption and
transport in Case I. This solution (TDS = 10,700 mg/L; pH = 7.5; bicarbonate

alkalinity = 59.5 mg/L) represents an average composition between waters
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sampled in well H-2B (sampled 2/77) and H-2C (sampled 3/77). Robinson (1989;
see also Section 3.3.2), however, noted that it is possible that none of the
samples collected from the H-2 pad are representative of Culebra water.
Contamination by water from other horizons or from another source is indicated
by changing concentrations of Na and Cl and density over a 9-year period. In
ahdition, water from wells near the H-2 well pad are considerably more saline

than the "Culebra H90."

Solution C described by Dosch and Lynch (1978) and Dosch (198l) was
considered to be representative of stock wells south and southwest of the WIPP
site. This water is relatively fresh (TDS = 2,993 mg/L) and mildly alkaline
(pH = 7.5). 1In this report, transport within a solution this dilute has not
been considered; however, Kg data from this solution provide some insight into

the effects of dilution on sorption.

The compositions of the solutions listed in Table 3-16 do not adequately
bracket the range in fluid chemistry that is plausible for the release cases
considered in this report. However, these solutions can be wused in
conjunction with the theoretical principles described in the next section. as
the basis for estimating Kgq’'s under conditions assumed in the transport

calculations.

3.3.4.4 Extrapolation of Kg_Values: General Principles. The
uncertainties in the composition of the water that will be producéd by mixing
fluids from the repository and aquifer require consideration of large ranges
of pH, Eh, organic content, and carbonate content of the‘grOUnd waters. These
possible variations in solution chemistry could result in order-of-magnitude
changes of the Kg's from the values obtained in the experimental studies
listed in Tables 3-14 and 3-15,

Evaluating the magnitude of the changes in the Kgq's requires several
-assumptions about the nature of sorption reactions occurring on the
substrates. The sorption of trace metals onto salt-like minerals such as
gypsum, calcite, and dolomite is poorly understood; the paucity of relevant
data precludes extrapolation of sorption behavior to physicochemical

conditions that differ from those specifically examined in the experimental
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studies (Tables 3-14, 3-15). For the transport calculations in Chépters 6.0
and 7.0 and Appendix E, some qualitative extrapolations were based solely on’

the.predicted aqueous speciation of ‘the radionuclides.

Qualitative predictions about the surface properties of the clays in the
Culebra Dolomite over a wide range of physicochemical conditions are possible.
Here it is assumed that radionuclides could be adsorbed onto mixed-layer clays
in the fractures and matrix by both fixed-charge ion-exchange sites and
surface hydroxyl -groups (cf. Kent et al., 1988). The chatge on the ion-
exchange sites is determined by cationic substitutions within the “crystal
lattice .of the clay and is independent of the solution composition. The ratio
of protonated- and deprotonated surface hydroxyl (-OH) groups determines the
charge resulting from surface hydrolysis and is related to the pH of the

solution.

The sorption chemistry. of ‘hydrous iron ‘oxyhydroxides ‘is dominated by
reactions at surface hydrolysis sites. This reéport assumes that these sites
are similar to the surface hydrolysis sites of clays. Data and calculations
from studies of simple, well-constrained iron oxyhydfoxide systems have been
used to evaluate possible variations in the extent of actinide sorption onto
these sites as a result of changes in carbonate complexation, ionic strength,
competition for sorption sites by other cations, such as Mg2+ and Ca2t, and

organic complexation.

Figure 3-20 illustrates the effects of carbonate alkalinity on the
sorption of Pu(IV) onto goethite («-FeOOH) in simple  electrolyte solutions
(0.1 M NaN0O3) and surface waters. The amount of plutonium sorbed by the iron

oxyhydroxide wvaried from 100% to <1% over the alkalinity range of 10 meq/L to
| 1,000 meq/L. For comparison, bicarbonate alkalinity of Culebra waters within
the WIPP site boundary ranges from 0.66 meq/L (40 mg/L) to 2.0 meq/L (120
mg/L) (Section 3.3.2). The alkalinity of reference Salado fluids at the
repository level before waste emplacement is about 14 meq/L (Section 3.2.2).
Degradation of the waste and reaction with backfill additives may change the
alkalinity; however, because of uncertainties about the nature of microbial
reactions and backfill  additives, no estimate of :the alkalinity of the

repository fluid after repository closure is available.

3-108




Percent Absorbed

100

80 |-

40 |

@ Soap Lake (12 m depth)
144 meg/L J

Pu(lv):1x10-11 M
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Figure 3-20.
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Total Alkalinity, meq/L

TRI-6330-39-0

Effect of variation in carbonate alkalinity on the adsorption of
Pu(IV) on goethite in 0.1 M NaNO3 solution at pH = 8.6 (after
Sanchez et al., 1985). Total plutonium concentration is 10-11
M; surface area of the goethite suspension is 28.5 m2/L;
radionuclide contact time was 96 hours. Adsorption from two
waters from Soap Lake, Washington, is also shown.
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The effect of pH on Pu(IV) sorption in the simple electrolyte is
illustrated by Figure 3-21. Sorption decreases from >95% at pH = 6.0 to <20%
at pH = 2.3. 'A decrease in sorption over a narrow range is commonly observed
in studies of cationic sorption on iron oxyhydroxides; it is related:' to
changes in aqueous.speciation and surface charge. The fluids in the
repository could become acidic as a result of microbial degradation of the
waste (Section 4.5); therefore, decreases in the Kg to values much smaller
than those listed in Tables 3-14 and 3-15 must be considered in the transport

calculations.

Additional examples of the effects of changes in solution composition on
Kq are illustrated in Figures 3-22 and 3-23, 1In these figures, the Kg's were
calculated from predicted concentrations of sorbed and aqueous species
containing uranium in simple electrolytes (0.1 M NaCl). The simulations were
carried out with the HYDRAQL computer code (Papelis et al., 1988) using
thermodynamic data. The effects of pH and Ca concentration on the sorption of
uranium onto goethite are illustrated in Figure 3-22. This figure shows that
the extent of sorption (expressed as log [Kg mL/g]) can range from -1.0 to
+4.0 over a pH range of 5 to 9 and a Ca-concentration range of 2 x 10-3 M to 3
x 10-2 M. In this example, the sorption of uranium is affeétedvby cdmpetition
between. Ca2* and U022+ for EDTA ligands and sorption sites. - At the higher
Ca2+ concentrations, most of the EDTA is bound up by calcium, leaving the
U092+ ions free to sorb onto the goethite. The solution considered in these
simulations is less saline than those observed at the WIPP site, but
qualitatively similar deviations in solution composition and sorption behavior
could result from mixing solutions from the repository and the Culebra

Dolomite.

Other factors, such as the rate of C09 consumption and generation, may
indirectly affect the amount of sorption onto surface hydrolyéis sites. The
calculations illustrated in Figure 3-22 assume a fixed total (0O content
(10-6 M). Under these conditions, a limited amount of carbonate is available
for carbonate complexation in solution. A large fraction of the total uranium
will not be complexed with carbonates and may sorb onto the surface hydrolysis
sites, increasing the calculated Kg at alkaline pH values. If the gas-

generation rate is high enough within the repository to maintain a constant or
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Figure 3-21. Effect of variation in pH on adsorption of Pu(IV) onto goethite
in 0.1 M NaNO3 solution (after Sanchez et al., 1985). Total
plutonium concentration was 10-10 M; surface area of goethite
suspension was 28.5 m2/L; contact time was 24 hours.
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System Ca

3L | uv:1x106m [13.2x102M
EDTA: 1x10¢M +1.3x102 M
Cr:1.5x103M 50x103 M

2 a-FeOOH: 100 m2/L A 2.0x103 M,

LOG (Kg)

TR1-6330-41-0

Figure 3-22. Calculated Kg for sorption of U(VI) onto a goethite substrate as
a function of pH at fixed total carbon concentration, in the
presence of EDTA (after Leckie, 1989). Kq's are shown for
several levels of calcium concentration. Surface area of the

' substrate (a-FeOOH) was 100 mZ/L; total carbon (CT) was 1.5 x
10-3 M; total uranium concentration was 10-6 M.
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Figure 3-23. Effect of variable EDTA concentration and pH on calculated Kg

for sorption of U(VI) onto goethite at a fixed partial pressure
of CO2 and Ca concentration (after Siegel, Phillips, et al.,
1989). Kq values are plotted for three EDTA concentrations.
Total uranium concentration (Ur) was 10-6 M; CO9 was 3.2 x 10-4
atmospheres; surface area of substrate («-FeOOH) was 100 mz/L;
calcium concentration was 2 x 10-3 M,
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increasing pCO» upon mixing in the Culebra, a large reservoir of COp will

. exist to supply carbonate for formation of non-sorbing actinide complexes.

This condition may result in a relationship between the Kg and pH similar
to that shown in Figure 3-23. The Kq reaches a maximum at a near-neutral pH

and decreases to very low values at moderately alkaline pH.

Uptake of actinides will also occur on thé‘fixed-charge sites in clays and
may dominate sorption under acidic conditions. Tsunashima et al. (1981)
estimated that- under acidic conditions (pH = 4 to 6) the maximum sorption
capacity of montmorillonite (a mineral similar to the smectitic component of
the Culebra clays) for uranium was equal to the total cation exchange capacity
of the clay (82 meq/100 g). Moderate concentrations of carbonate, organic
complexing ligands, Mg2t, and Ca2t, however, will prevent all of the fixed-
chafge sites from being occupied by. actinide ioms. Figure 3-24 shows the
partitioning of uranium between solution and montmorillonite under oxidizing
conditions in systems containing other cations that compete for sorption sites
on the clay. Uranium will displace Nat and Kt from sorption sites, but Cal+
and Mg2+ are preferentially sorbed instead of uranium onto the
montmorillonite. Thus, uranium and the other actinides may not sorb strongly
onto the fixed-charge sites of Culebra clays if calcium- and magnesium-rich

solutions from the repository are mixed into the aquifer.

The redox speciation of radioelements in the repository or the Culebra is
not known. As discussed in Section 4.2, microbial degradation of organic
material in the waste will probably consume all available oxygen, and anoxic
condifidns'may prevail. Rediiction of the radioelements to- lower oxidation
states is likely under these conditions; however, the rates. of the redox
reactions are not known, and the speciation at any given time cannot be
predicted with the available data. The Kq values in Tables 3-14 and 3-15 were
based on review of experimental d;ta obtained underﬂoxic conditions. The
sorption behavior of the radioelements under anoxic conditions cannot be
extrapolated from these data. Some field studies of radionuclide partitioning
between soils, solutions, and organic matter suggest that the Kg's of
radioelements in their lower oxidation states will be lower than those

reported for the oxidized forms (Choppin and Allard, 1985).
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Variations in adsorption of U(VI) onto montmorillonite with
constant amounts of clay, water, and total ionic strength and
variagble proportions of uranyl [U(VI)] ion and other cations
(Tsunashima et al., 1981). Relative proportions of charged
sites on the clay occupied by uranium are shown as equivalent
fractions of uranium on clay plotted against equivalent
fractions in solution. (Concentration in equivalents equals
molarity x charge of ion).
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3.3.4.5 Procedure for Choice of Recommended Kg_ Values for Transport in

the Culebra Dolomite, Tables 3-13 and E-10 to E-12 describe the distribution

coefficients used in transport‘éélculations in this réborf. . The following
procedure was used to obtain‘the;recommended Kgq values. First, initial ranges
of wvalues were obtained from ;tudies carried out under chemical conditions
that were similar in some way to thdSe”expected under a vafiety of mixing
ratios in the Culebra Dolomite. Second, Kg values obtained under conditions
closest to those expected in the WIPP were exfrapolated’to reference
conditions consistent with the descriptions of Cases f'énd IT. Data from
parametric studies or Eheoretical calculations for simple,ZWéll-constrained
systems were used to estimate the magnitude of the change in the Kg that might
be related to differences between the actual experimental conditions and the
range of conditions possible for the cases. Finally, unce;téihties in the
future physicochemical conditions in the repository and along the flow path in
the Culebra Dolomite were considered. +:Possible deviations of;Kd values from
those estimated in the previous step were evaluated, and a set of

conservative, realistic Kq's was selected.

The data for simple systems discussed above suggest that the amount of
sorption of actinides onto either clays in the fracturés or dolomite in the
matrix of the Culebra Dolomite could be several orde}s of magnitude less than
that spggeéted by the Kqg data in Tableé 3-14 and 3-15. Although it is
possible that under some- extreme conditions, the Kgq's will be close to zero,
there 1is evidence that some sorption will occur; therefore, the Kg's were
assumed not to be zero. In general, it was assumed that Kg's in brines (Cases
IIA and IIB) would be lower than those in undisturbed Culebra waters (Case 1),
and that Kq's for clays would be higher than those for dolomite. The Kg's for
Case IIA‘Wefe chosen to represeﬁt conditions wunder whiéh the solution
chemistry is dominated by the influx of inorganic salts from the Salado and
Castile Fms. Kg values in‘Case IIE"include the additional effects of organic
ligands, which form complexes that do not sorb.. Other explanations for the Kg

values chosen for each element are given in Appendix E.2.4.

3.3.4.6 Use of Kgq's in Transport Equations. Simulating the migration of
radionuclides within a fractured porous medium requires consideration of

transport through discrete fractures and the adjacent porous matrix. Tables
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3-14 and 3-15 (experimental values) and Tables 3-13 and E-10 (recommended,
exfrapolated values) contain Kg values that could be used to calculate
radionuclide retardation in the matrix of the Culebra Dolomite when the entire
matrix ié accessible to the radionuclides over the time period of the
simulation. Under thése conditions, the retardation factor for the porous

matrix is

R =1+ yKapr(l-¢')/4’

where pp is the grain density (without pores) of the matrix, ¢’ 1s the matrix
porosity, and ¥ is a utilization factor equal to 1.0 for ideal porous media.
In equivalent porous-medium calculations, the factor R is used directly
(Chapter 6.0). 1t is assumed here that the effective porosity is equal to the

total matrix porosity ¢.

Tables 3-13, 3-14, 3-15, and E-11 (recommended values) contain Kgq's for
the clays within the matrix and that line the fractures in the aquifer. No K4
data are available describing the uptake of Ra or Pb onto dolomite. This
report assumes that these elements would sorb onto clay particles within the
matrix. A utilization factor, ¥, can be used to calculate radionuclide
retardation within a porous matrix in which only a fraction of the matrix
participates in sorption (Neretnieks, 1980). A utilization factor of 0.0l was
assumed for the Culebra matrix based on the 3% average weight fraction of clay
and quartz observed in massive Culebra Dolomite blocks. The Kgq's for Ra and
Pb in Table E-10 were obtained by multiplying the Kgq's for clays in Table E-11
for these elements by a factor of 0.01.

If the volume of the clay within the fractures is known, then Kgq'’s in the
tables can be used to calculate retardation within the fractures using the

following expression
Rf = 1 + pcKdac(6e/6)
where Kge is the distribution coefficient for the clay; pe is the density of

the clay (2.5 g/cc); 6. is the thickness of the clay coating the fracture and

6 is the fracture aperture (Neretnieks and Rasmusson, 1984).
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Surface-area-based distribution coefficients Kg(mL/m2) for the c¢lay (Table
E-12) were calculated from the Kg's aésuming a surface area of 50 m2/g. This
is similar to the surface area of 32 m?/g measured by Nowak (1980) on a
reference montmorillonite used in europium-sorption studies and within the
range of 15 to 88 m2/g measured by Soudek (1984) on montmorillonite used in
ion-exchange studies. Surface areas were not measured on the clays used in
any of the actinide-sorption studies listed in Tables 3-14 and 3-15. A
retardation factor for use in a transport equation for fracture-dominated flow
where sorption occurs on the surface of the fracture-fill clay can be

calculated as

where K; is sorption ratio in Table E-12 and a is the specific surface of the
fracture (fracture surface area per unit volume of fracture) (Neretnieks and

Rasmusson, 1984).

3.3.4.7 Conclusion. The extent of sorption of actinides onto fracture
surfaces and dolomite matrix in the Culebra Dolomite cannot now be predlcted
accurately because of uncertainties about the expected chemical environment of
~ the aquifer after mixing of water from the Culebra Dolomite and fluid from the
repository and the lack of relevant empirical K4 or thermodynamic data. In
Appendix E.2.4, ‘a set of recommended Kg values have been chosen based on a
review of available Kg data, obtained in systems that are similar in some way
to the reference conditions assumed in this report, and from insights gained
from theoretical calculations of radionuclide behavior in simple, well-
constrained systems. Many of the available Kg's are large (>10,000),
indicating significant sorption under spécific experimentél conditions.
However, within the range of solution compositions that are possible for the
Culebra Dolomite, there are conceivable conditions under which the Kq for any
of the elements considered here could drop to very low wvalues (<1). The
recommended Kg values represent a compromise between empirical data that show
that sorption will occur under some physicochemical conditions relevant to the
WIPP and theoretical calculations that suggest that many factors can decrease
the extent of sorption significantly under other conditions that are possible -

in the Culebra Dolomite. -
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3.3.5 Numerical Ground-Water-Flow and Transport Model of the Culebra Dolomite

The following are the major conclusions of Section 3.3.5.

» Fracturing within the Rustler Fm. was recognized at the time of the FEIS
(e.g., Mercer and Orr, 1979), but it could not be included in flow and

transport modeling.

« Data indicating effects of fracturing on flow and transport are available
from hydraulic interference tests at H-3, WIPP-13, and H-11l. Conservative-
tracer tests indicating the local role of fracturing have been conducted at
H-3, H-6, and H-11. 1Interpretation of ;he multipad interference test at
H-11 remains to be completed, as does interpretation and reporting of

conservative-tracer tests at H-11 and H-6.

+ Recent estimates of ground-water travel times in the Culebra Dolomite for
undisturbed flow from a position directly above the center of the waste-
emplacement panels to the southern boundary of the site have ranged from
5,100 to 13,000 years: Both estimates are based on porous-medium flow,

Py

i.e., they do not consider fracturing.

« Final interpretation of the recently completed multipad interference test
at H-11 is expected to indicate that the zone of relatively high
transmissivity between H-11 énd DOE-1 extends further to the north, toward

. H-15 (Figure 1-4). This extension may or may not affect ground-water flow
directions near the center of the site. Although Culebra data are
essentially complete, the final estimate of the distribution of Culebra
transmissivity awaits completion of numerical modeling. This modeling will

use an objective adjoint-sensitivity calibration technique.

3.3.5.1 Modeling History. Modeling of the hydrologic system near the

WIPP repository has changed dramatically since the original FEIS model was

constructed (DOE, 1980a). These changes reflect the development of a more-
detailed data base and a more thorough understanding of what has proved to be
a complex flow system. Models developed since the FEIS have been designed to

address a variety of questions and are based on data sets that have evolved
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through time 'as ongoing field investigations produce additional data.
Therefore, these models are based on somewhat different flow-system
descriptions and on different numerical implementations of those descriptions.

The domains of the various models are presented in Figure 3-25.

.The first ground-water-flow model of the WIPP region was developed by
INTERA Environmental Consultants (1978) for the EELﬁ»(DOE, 1980a) and for the
WIPP Safety Analysis Report (SAR; DOE, 1980b). The model encompassed an area
of 58-x 58 km (36 x 36 mi) (Figure 3-25)» and simulated the Rustler Fm.,
Rustler-Salado contact zone, Delaware Mountain Group, and Capitén reef water-
bearing units. The objectives of the study were to check the degree'bf
consistency between various sets of hydrologic data, to calculate thé extent
of wvertical hydraulic connection between various hydrologic units, to
delineate spatial variations in hydraulic conductivity, to calculate
hydraulic—head‘potentials and hydraulic conductivities in areas where data
were lacking, and to calculate boundary conditions for local repoSitory-breach
simulations. Simulations were carried out using‘the’three-dimenSional,
finite-difference code SWIFT (Sandia Waste-Isolation Elow‘ahd~1rénsport)

(Dillon et al., 1978).

At the time of the FEIS modeling, data on the hydraulic properties of the
water-bearing units under consideration were extremely limited. For example,
transmissivity data for the Culebra and Magenta Dolomite Membersvof'tﬁe
Rustler Fm. were available from oénly four (Table 3-17) andbthreé iocatibns,
respectively (Mercer and Orr, 1979; Cooper and Glanzman, 1971). One value of
storativity was available for the Culebra, and none‘for the'Magenta.
Hydraulic-head data were available from six locations in the Culebra Dolomite
and from three locations in the Magenta Dolomite. Despite hydraulic head
differences of over 30 m bétween the Culebra and Magenta,‘thé two dolomites
were modeled as a single "Rustler aquifer.® The lumped Culebra-Magenta
aquifer was assumed to behave hydréulically as an iéotropic single-porosity
medium, essentially homogeneous over tens of square kilometers, with unifdrm
storativity. . Similar generalizations from sparse data were made for the other

water-bearing units. :
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Figure 3-25. Approximate boundaries of ground-water flow and transport models
in the WIPP region (Davies, 1989).
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Table 3-17. Comparison of Transmissivity Data (m2/s) for Gulebra Modeling

FEIS Barr et al. Haug et al. LaVenue et al.LaVenue et al.
Well (1980) (1983) (1987) (1988) (1989)
H-1 1.1 x 10-7 7.5 x 10-8 7.5 x 10-8 7.56 x 10-7 9.36 x 10-7
H-2 -- 4.3 x 10-7 6.0 x 107 5.61 x 10-7 6.30 x 10~/
H-3 .- 2.0 x 105 4.0 x 10-6 2.47 x 10-6  2.46 x 10-6
H-4 -- 9.7 x 10-7 1.2 x 10-6 1.02 x 10-6 1.01 x 10-6
H-5 -- 2.2 x 10-7 1.6 x 10-7 1.52 x 10-7 9.74 x 10-8
H-6 -- 7.8 x 10-5 7.9 x 10-3 7.95 x 10-3 3.55 x 10-2
H-7 -- 2.5 x 10-3 1.2 x 10-3 1.11 x 10-3 1.54 x 10-3
H-8 -- NA NA NA 8.82 x 10-6
H-9 -- 9.6 x 10-4 NA 1.73 x 10-4  1.25 x 10-%
H-10 -- 7.5 x 10-8 - NA 7.56 x 10-8  7.53 x 10-8
H-11 -- -- 1.1 x 10-3 2.76 x 10-3 2.92 x 10-3
H-12 -- . -- 4.5 x 10-8  1.84 x 10-7 1.94 x 10-7
H-14 -- - -- 3.29 x 10-7 3.28 x 10-7
H-15 -- -- -- 1.32 x 10-7  1.32 x 10~/
H-16 -- “- -- 7.56 x 10-7 4,90 x 10-7
H-17 -- -- -- 2.16 x 10-7 2.31 x 10-7
H-18 -- -- -- -- 1.67 x 10-6
WIPP-12 -- -- -- 3.24 x 10-8  1.08 x 10-7
WIPP-13 -- -- -- 7.45 x 103 7.42 x 10-5
WIPP-18 -- -- -- 3.24 x 10-7  3.23 x 10-7
WIPP-19 -- -- -- 6.48 x 10-7 6.45 x 10-7
WIPP-21 -- -- -- 2.70 x 10-7 2,69 x 10-7
WIPP-22 -- -- -- 4.00 x 10-7 3.98 x 10-7
WIPP-25 -- 2.8 x 10-4 2.9 x 10-4 2.92 x 10-4 2.88 x 10-4
WIPP-26 -- 1.1 x 10-3 NA 1.35 x 10-3  1.22 x 10-3
WIPP-27 -- 2.6 x 10-4 NA 7.02 x 10-4  4.27 x 10-%4
WIPP-28 -- 2.3 x 10-5 NA 1.94 x 103 2.07 x 10-5
WIPP-29 -- NA NA 1.00 x 10-3  1.08 x 10-3
WIPP-30 -- 2.0 x 10-5 NA 3.24 x 10-7 ~ 2.50 x 10-7
P-14 1.5 x 104 5.1 x 10-4 2.5 x 104 2.30 x 10-4 2.77 x 10-%4
P-15 -- 7.5 x 10-8 8.9 x 10-8 9.26 x 10-8 9.22 x 10-8
P-17 -- 1.1 x 10-6 1.8 x 10-6 1.38 x 10-6 1.08 x 10-6
P-18 1.1 x 10-10 1.1 x 10-9 2.1 x10-9 1.87 x 10-2 7.53 x 10-11
AEC-7 - - NA -- 2.80 x 10-7
DOE-1 -- -- 3.6 x 10-5 1.19 x 10-5 1.18 x 10->
DOE-2 -- -- 3.9 x 10-5 9.61 x 10-5 9.57 x 10-5
ERDA-9 -- -- -- 5.08 x 10-7 5.05 x 10-7
D-268 -- -- -- -- ' 2.04 x 10-6
Cabin Baby-1 - -- -- 3.02 x 10-7 3.01 x 10-7
Engle -- -- NA 4.64 x 1072  4.62 x 10-3
USGS-1 5.0 x 10-4 5.0 x 10-4 NA 5.54 x 104 5.52 x 10-4
4 Values 19 Values 16 Values 37 Values 41 Values

-- means no data available at time of model
NA means not applicable; well outside model domain
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The early INTERA model was reworked by Cole and Bond (1980) using the same
conceptual model but a different simulation code, VIT (Variable Thickness
Transient), which is a two-dimensional, finite-difference code that simulates
multiple aquifers using interaquifer transfer coefficients (Reisenauer, 1979).
The study provided a benchmark comparison between SWIFT and VIT. The input
data used by Cole and Bond (1980) were similar to those used by INTERA. The

model results were, therefore, similar.

D’'Appolonia Consulting Engineers (1981) constructed a model of the WIPP
region with the primary objective of verifying the calculational procedures
used by the early INTERA model for the analysis of liquid breach and transport
scenarios. D’Appolonia (1981) modeled the Rustler Fm., lumped as a single
unit, in a rectangular 34 x 46 km (21 x 29 mi) area, located with the. WIPP
site along the eastern model margin (Figure 3-25). In a separate simulation,
D’Appolonia modeled the Permian Bell Canyon Fm. (the uppermost formation of
the Delaware Mountain Group) over a somewhat larger area. D'Appolonia used a
two-dimensional, finite-element code, GEOFLOW. D'Appolonia’'s results were
generally similar to INTERA's. The two studies did, however, draw different
conclusions about Rustler flow conditions in southern Nash Draw. INTERA
interpreted a trough in the Rustler potentiometric surface in southern Nash
Draw as resulting from downward leakage to the Rustler-Salado contact =zone.
D’Appolonia interpreted the same trough as resulting from a higher Rustler
hydraulic conductivity near Nash Draw, caused by extensive fracturing.
Perhaps related to this difference in flow-system interpretations, D'Appolonia
computed travel times between the WIPP site and the Pecos River that were

about half those computed by INTERA.

Using new, more-detailed data on the Rustler Fm., Barr et al. (1983)
constructed a model that ekplicitly simulated the Magenta and Culebra Dolomite
as separate units within a 26 x 26 km (16 x 16 mi) area centered on the WIPP
site (Figure 3-25). Transmissivity and head data were available from 19
locations in the Culebra Dolomite and ten locations in the Magenta Dolomite, '
and storativity data were available from 17 locations in the Culebra and seven
locations in the Magenta. Table 3-17 shows how the Culebra transmissivity
data base has expanded since 1980. Barr et al. (1983) used a porous-medium

approximation for their Culebra model, introduced greater heterogeneity in
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both transmissivity and storativity than was used in the FEIS model, and also
incorporated anisotropy in transmissivity. Their Magenta model was similar to
their Culebra model, except that isotropic transmissivity was assumed. Barr
et al. (1983) examined transport of an idealiy nonsorbing contaminant from the
center of the WIPP site. Their simulations indicated that contaminant travel
times may be significantly longer than those computed in previous modeling
studies, particularly within the Magenta Dolomite. For 'numerical simulations,
the study used ISOQUAD, a two-dimensional, finite-element code that solves

flow and transport equations (Pinder, 1974).

Niou and Pietz (1987) performed a modeling study designed to demonstrate
how regionalized values of transmissivity and storativity could be determined
for the Culebra Dolomite using an inverse analysis of large-scale hydraulic
stresses., For this demonstration, they présented an inverse analysis of the
H-3 multipad pumping test. The study used a two-dimensional inverse code
known ‘as INVERT (Carrera, 1984; Carrera and Neuman, 1986) and covered a
12 x 12 km (7.5 x 7.5 mi) area centered on the H-3 hydropad (Figure 3-25). 1In
addition to generating transmissivity and storativity distributions for the
Culebra Dolomite, the study attempted to incorporate parameter uncertainty

directly into the simulations.

From 1983 through 1988, many hydrologic data on the Culebra Dolomite were
collected, and old data were reinterpreted, leading to a revised conceptual
model of flow within the Culebra. Fracturing of the Culebra Dolomite and its
contribution to high transmissivities was recognized early in the hydrologic
characterization of the WIPP site (Mercer and Orr, 1979). Early models of the
Culebra Doiomite and interpretations of test data, however, treated the
Culebra as a simple porous medium. Beauheim (1986) demonstrated the double-
porosity hydraulic behavior of the Culebra duriﬁg testing at well DOE-2,
Subsequent analyses of pumping tests performed at H-3 (Beauheim, 1987a),
WIPP-13 (Beauheim, 1987b), H-11 (Saulnier, 1987), and other wells (Beauheim,
1987c) showed the pervasiveness of double-porosity behavior wherever the
Culebra Dolomite has a transmissivity greater than about 10-6 m2/s. Kelley
and Pickens (1986) demonstrated the controlling influence of fracture flow and
matrix diffusion on solute transport in the Culebra Dolomite on a local (30-m

[98-ft]) scale.
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In 1986, INTERA began a process of model development that will continue
through at least 1989. The overall objective of this study is to develop a
detailed understanding of flow and transport in the Culebra Dolomite in the
immediate vicinity of the WIPP site. The code used in this model study is
SWIFT II (Reeves et al., 1986a, 1986b), which is an enhanced version of SWIFT
capable of double-porosity flow and transport simulations. The primary
objective of the first model in this series (Haug et al., 1987) was to
calibrate an undisturbed, steady-state simulation and then ﬁse the transient
hydraulic stresses created by the excavation of the WIPP shafts and by the H-3
multipad pumping test and other aquifer tests to develop a detailed
understanding of the transmissivity distribution in the Culebra Dolomite in
the immediate vicinity of the WIPP site. The model domain for this study was
‘a 12.2 x 11.7 km (7.6 x 7.3 mi) area around the site (Figure 3-25). The
transmissivity data available at the time of Haug et al.’s (1987) modeling are
given in Table 3-17. Haug et al. (1987) investigated how single- and double-
porosity conditions affect regional ground-water flow and found no significant
differences between the two. They therefore used a porous-medium (single-
porosity) approximation for the Culebra Dolomite in their model. During
calibration of the steady-state simulation, Haug et al. (1987) found that
matching the relatively low hydraﬁlic heads at wells H-11 and DOE-1 required
the introduction of a high-transmissivity feature extending southward from

these wells.

Conservative-tracer tests have been performed at the H-3, H-4, H-6, and
H-11 hydropads. Kelley and Pickens (1986) reported dual-porosity
interpretations of the tests at H-3 and H-4. Reeves et al. (1987)
investigated the role of various retardation mechanisms in dual-porosity
transport, such as matrix diffusion, advective coupling, and sorption on
fracture surfaces. Reeves et al. (1987) also used Haug et al.’'s (1987) model
to examine solute transport in the fractured Culebra Dolomite near the WIPP
site under natural hydraulic-gradient conditions. Reeves et al. (1987) showed
that matrix diffusion dominates regional solute-transport behavior under
natural gradient conditions, allowing the use of a single-porosity approach in
simulations, for the range of parameters they examined. The travel time
required for the concentration of a conservative solute released from a drop

point above the centroid of the waste-storage panels to reach 50% of its
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injection concentration at the WIPP-site boundary was computed to be 5,100

years.

The second model in the INTERA series (LaVenue et al., 1988) incorporated
more transmissivity and hydraulic-head data (Table 3-17) and the results of
another large multipad pumping test centered at WIPP-13 in the northern part
~of the model area. In order to accommodate these new data, the model
boundaries were expanded to encompass a 24 x 25 km (14.9 x 15.5 mi) area
(Figure 3-25). In addition to model calibration, this study included a
preliminary examination of system sensitivity to transmissivity and
storativity properties. As in the Haug et al. (1987) study, calibfation of
the LaVenue et al. (1988) model produced a high-transmissivity feature south
of H-11 and DOE-1. However, the feature is somewhat wider in the east-west
direction, and transmissivities within this zone are approximately a factor of
four lower than in the earlier study. Particle travel time from a drop point
above the centroid of the waste-storage panels to the WIPP-site boundary was

computed to be approximately 13,000 years.

LaVenue et al.’'s (1988) model was later used to predict the responses of
various observation wells to the H-11 multipad pumping test. Drawdowns north
of H-11 were underestimated by the model. The zone of relatively high
transmissivity extending north from H-11 to DOE-1 in the model will most
likely have to be extended farther north toward H-15, east of the storage
panels, during the continuing INTERA modeling program. This change in the
transmissivity distribution may or may not affect the travel times reported by
LaVenue et al. (1988), depending on whether increasing the transmissivity
between DOE-1 and H-15 diverts flow passing over the waste-storage panels
toward the east, allowing it to enter the high-transmissivity zone sooner than
it does following the southerly flow direction presented by LaVenue et al.
(1988). '

At the same time that the first and second of the INTERA model series were
being developed to examine detailed flow-system behavior near the site, a
model study of the Rustler Fm. on a regional scale was completed by the USGS
(Davies, 1986, 1987, 1989).  This study included both a 36 x 46 km (21 x 29

mi), regional-scale model of the Culebra Dolomite and a 30-km (18.6-mi) long,
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east-west, cross-sectional model extending from the top of Salado Fm. to the
ground surface (Figure 3-25). The simulation codes used in this study were
the variable-density, flow and transport code SUTRA (Voss, 1984) for the
regional model and a two-dimensional, finite-difference flow code by Trescott
et al. (1976) for the cross-sectional model. This study examined fluid-
density effects, sensitivity to regional flow boundaries, sensitivity to
vertical flux, and the potential for long-term transient influences on the

flow system.

The third model in the INTERA series is nearing completion (LaVenue et
al., 1989). This modeling study will include a further expanded model domain
(to 24 x 31 km [14.9 x 19.3 mi], Figure 3-25) and expanded and revised data
(Table 3-17). The study will use an adjoint-sensitivity approach to
calibrating the steady-state and transient Culebra flow fields. Major
transient hydraulic stresses that will be included in the calibration
procedure include WIPP shaft construction, the H-3, WIPP-13, and H-11 multipad
pumping tests, and the H-4 tracer test. The adjoint-sensitivity approach
quantifies the effects that changes in transmissivity or storativity in each
grid block have on the calculated flow field. Thus, the approach can define
areas where assumed transmissivities or storativities can be changed to
improve the model fit to the observed hydraulic heads, as well as areas where
transmissivities or storativities could differ from assumed values without
significantly affecting the fit to observed heads. The adjoint-sensitivity
approach will allow improvements in model calibration and also permit modeling
of different interpretations of the flow system that fit the observed head
distribution equally well but may result in different flow paths or travel
times from above the waste-storage panels to the site boundary. The technique
can be used to optimize the locations of new wells so as to most reduce

modeling uncertainty.

A complementary study (Reeves et al., 1989) is exarﬁining the transport
behavior of the Culebra Dolomite under high hydraulic-gradient (brine-
reservoir breach) conditions. Preliminary results indicate that matrix
diffusion is much less effective at retarding solute transport under high-
gradient conditions than under natural-gradient conditions. Thus, travel

times for solutes injected into the Culebra Dolomite over the waste-storage
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panels to reach the WIPP-site boundary would be decreased both by higher

velocities resulting from increased gradients and by less matrix diffusion.

:3.3.5.2 Limitations of Current Data Base. The planned data-collection

phase of the Culebra hydrologic characterization program 1is essentially
complete. Some existing data remain to be reinterpréted, notably from wells
H-4, H-6, H-7, H-9, and P-14. Minor gaps in the well distribution exist
(e.g., in the northeast quarter of the WIPP site, west of H-12 in the assumed
high-transmissivity feature, between H-7 and H-9, and east of H-8), but no new
wells are currently scheduled to be drilled and tested.  Thus, all future
modeling will be affected by the limitations of the current data base. The
importance of these limitations will not be known until INTERA completes the

transient adjoint-sensitivity calibration of their ground-water-flow model.

3.3.5.3 Limitations of Modeling Approach. Within the context of the
current INTERA hydrologic model of the Culebra Dolomite, a number of
assumptions or idealizations have been made. First, the Culebra Dolomite has
been assumed to be vertically homogeneous, with hydraulic conductivity, and
hence flow, distributed equally throughout the thickness of the:  unit. In
limited testing performed. at five locations, Mercer and Orr (1979) and
Beauheim (1987c) have shown hydraulic-conductivity variations ranging from a
factor of two to a factor of five between various sections of the Culebra
Dolomite one or more meters thick. Testing on a smaller scale might reveal

even greater degrees of vertical heterogeneity.

Despite this difference between the actual Culebra Dolomite and the
conceptual model, both the flow and transport modeling should be reliable,
because the areal flow modeling of the Culebra Dolomite relies on
transmissivity, not hydraulic conductivity. Transmissivity of a specific test
interval is the property actually measured in the field and is unaffected by
vertical heterogeneity within the test interval. The transport modeling of
Reeves et al. (1987, 1989) relies on the areal modeling to provide a flux per
unit width of the Culebra Dolomite, and then drives that flux through a
specified fracture porosity. This treatment tends to magnify the effects of

fracturing by assigning all of the measured transmissivity to the fractures
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and none to the matrix. Thus, the modeled flux through the fractures is the

maximum possible and results in minimum travel times.

A second assumption used in the Culebra flow and transport modeling in
this report and by LaVenue et al. (1988), from whose work the transmissivity
distribution used in this report was taken, is that the Culebra Dolomite is
completely confined, with no vertical flux either in or out. Haug et al.
(1987) examined this assumption and determined that spatially varying vertical
fluxes from the Tamarisk or unnamed lower member to the Culebra Dolomite could
be accommodated while preserving model calibration. by wvarying the
transmissivity distribution within reasonable bounds, and that these vertical
fluxes might in fact aid in calibrating the fluid-density distribution within
the model. Haug et al. (1987) recommended the use of a multi-layered model to
investigate further the possibility and implications of vertical fluxes.
Davies's (1989) cross-sectional model of thevRustler Fm. also showed vertical
flux to be a realisfic possibility, but no additional work in this area has
been performed. Thus, the uncertainty in the modeling for this report related

to lack of consideration of vertical flux cannot be evaluated.

A third assumption of the current generation of Culebra hydrologic models
is that the Culebra Dolomite is hydraulically isotropic. Gonzalez (1983) and
Saulnier (1987) reported evidehce of horizontal anisotropy in the Culebra
Dolomite at four locations, with anisotropy ratios ranging from 1.6/1 to
2.7/1. Because of the paucity of anisotropy data, and because no consistent
orientation of the transmissivity tensor is evident from the available data,
possible anisotropy cannot be rigorously included in the modeling. This
deficiency 1is not considered important, because implementing an anisotropy
ratio of 2.7/1 within the model would only require changing the current
effective transmissivities by a factor of 1.6 (the square root of 2.7), which

is well within the existing calibration uncertainty.

3.4 Gastile Formation, Including Brine Reservoirs

The major conclusions of Section 3.4 are listed below.
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Pressurized brine is known to be present at borehole WIPP-12 and at the
Bellco-Hudson hydrocarbon borehole southwest of the site.  Geophysical
studies that are correlated with the known occurrence of brine at WIPP-12
indicate the presence of brine to the south. Based on these studies and on
borehole experience, the WIPP-12 reservoir is assumed to extend underneath

at least a portion of the waste-emplacement panels.

The origin of Castile brine reservoirs is not conclusively known. Present
interpretations are that their origin is either local, by limited movement
of intergranular brines from adjacent Castile halites, or long-range, by
the previous existence of a lateral hydraulic connection of the Castile Fm.
with the Capitan reef. The assumed presence of a Castile brine reservoir

beneath the repository is of concern only in the event of human intrusion.

Hydraulic testing indicates that the WIPP-12 reservoir is characterized
dominantly by fracture flow in a very tight anhydrite matrix and that the
reservoir is limited in extent. For purposes of modeling, the reservoir is
assumed to be radially symmetric, with a central high-transmissivity zone
surrounded by two outer zones, one of slightly increased transmissivity
relative to the undisturbed country rock, . and one the undisturbed country

rock.

Hydraulic testing at WIPP-12 and monitoring of the long-term pressure
buildup indicates the presence of a gas cap in the borehole at long times.
Gas evolution during flow would tend to increase flow rates and pressures
relative to those estimated here assuming a single brine phase (Section
3.2). This two-phase gas effect cannot be modeled with available
techniques. However, it should operate only at late times, when flow rates

have decreased.

3.4.1 GCastile Formation Hvdrology in the FEIS

During the past 50 years, a number of hydrocarbon-exploration boreholes

have encountered pressurized brine in the Castile Fm. (Figure 3-26). The

pressurized brine most commonly occurs in the uppermost anhydrite of the

Castile Fm. Because the anhydrites have very low primary (matrix) porosity,
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the brine occurrences are generally associated with secondary (fracture)

porosity.

Understanding of the hydrology of ‘the Castile brine occurrences has

evolved considerably since the FEIS (DOE, 1980a) was completed. The following
sections briefly summarize information on Castile hydrology available at the
time of the FEIS, new information that has developed since the FEIS, and

brine-reservoir breach analyses that are currently under way.

As discussed in Sections 7.3.5 and 7.4.2 of the FEIS (DOE, 1980a), the
data base on Castile hydrology consisted of general reviews of Castile brine
occurrences in the Délaware Basin (Griswold, 1977; Powers et al., 1978);
seismic reflection data (Powers et al., 1978; Bell and Murphy and Associates,
1979); and borehole information for the Castile Fm. from ERDA-6, ERDA-9,
WIPP-11, WIPP-12, and WIPP-13. Pertinent interprétations regarding Castile

‘hydrology are summarized in the following quotations from the FEIS.

The seismic reflection data available ... all confirm the existence
of an area in the mnorthern part of the site with significant
differences in the seismic character of the Castile and Salado. This
area has been called the "disturbed zone." The salient features of
this area ... are an anticlinal structure at' its southern margin,
interruptions and discontinuities in the seismic returns from the
lower evaporites, thinning and thickening of evaporite beds, and
seismic reflections from the upper Salado that are extremely
difficult to interpret. Preliminary examination of cores from
boreholes WIPP 11, 12, and 13 confirms thinning and thickening of
evaporite beds in the Castile and the lower Salado. (DOE, 19804,
Vol. 1, p. 7-42)

The interception of a brine reservoir in ERDA-6 at a now-abandoned
site ... has caused concern over the possible existence of such
reservoirs at the present site and the consequences to a repository

The nearest [Castile brine occurrence] is immediately southwest
of the site at the Hudson-Belco well. The next closest is ERDA-6,
about 2 miles northeast of the outer site boundary ... All of the
brine appears to come from the Castile Formation, and it is
associated with the middle, or possibly upper, anhydrite of the
Castile. However, the Castile has been penetrated many times without
producing brine, and WIPP-11 in particular penetrated through an
anticlinal structure in the Castile without detecting any brine or
fluids. With this background, the broad anticlinal structure in the
Castile at the northern edge of control zone II is the closest area
to the site that might be suspected of containing a brine reservoir.
ERDA-9 (to the south), WIPP-12 (on the crest of the structure), and
WIPP-13 (immediately northwest of the structure) have penetrated into
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the upper Castile anhydrite (WIPP-13 to the base of the Castile)
without revealing any brine reservoir. (DOE, 1980a, Vol. 1, p. 7-45)

Because of the 700 foot layer of evaporites between the repositéry

level and the Castile Formation, a deep Castile brine pocket would

pose no hazard to the repository even if one should be present in the

Castile--an unlikely probability for an area of gentle structure.

(DOE, 1980a, Vol. 1, p. 7-46)

The release scenarios analyzed in the FEIS did not include a borehole
breach penetrating both the repository and a Castile brine occurrence.
However, an "informal scenario" discussed in Section 9.7.1.3 of the FEIS
examined some of the immediate effects that might follow the penetration of an
undetected brine pocket located 60 m (200 ft) beneath the WIPP repository. In
this scenario, the breach of a hypothetical brine pocket resulted in the
passage of 7,816 m3 (276,000 ft3) of brine through the repository and into the
Rustler Fm. Making the assumption that the waste materials are as soluble in
brine as pure salt is in distilled water, it was estimated that no more than
1,416 m3 (50,000 ft3) of waste could be transferred to the Rustler Fm. though
the postulated breach. The consequences of intercepting the hypothetical

brine pocket were not carried beyond this point in the FEIS for two reasons:

First, brine pockets of the size assumed in this example are
extremely unlikely near the repository. (DOE, 1980a, Vol. 1,
p. 9-134).

Second, the development of a continuous natural connection with a
sufficiently high hydraulic conductivity or a large enough area is
considered unlikely--particularly if the connection must penetrate to
the Castile in order to intexcept a brine pocket. A cased wellbore
that penetrates a pocket would indeed provide a connection--but one
that would result in the release of no waste other than the material
intercepted during drilling...(DOE, 1980a, Vol. 1, p. 9-135)

3.4.2 General Information on Castile Hvdrology Developed Since the FEIS

As a result of the 4greement between the DOE and the State of New
Mexico (1981), studies were initiated in 1981 to gather additional information
on brine occurrences in the Castile Fm. These studies included reopening and
testing of ERDA-6; deepening WIPP-12; and producing a comprehensive topical
report on brine reservoirs in the Delaware Basin, including the results of the
new field investigations. In November of 1981, during deepening of WIPP-12,

pressurized brine was encountered at a depth of about 914 m (3,000) ft in
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fractured anhydrite located in the upper portion of the Castile Fm. ~WIPP-12
was subsequently sampled and tested to provide a detailed geochemical and
hydraulic characterization of this brine occurrence. The possible presence of
Castile brines within fractured Castile anhydrite beneath the WIPP facility is
of no concern except in the event of human intrusion,‘because the brine, even
if present, is separated from the repository horizon by ~250 m of evaporites.
The possible effects of a Castile brine reservoir on long-term performance of
the WIPP were not specifically addressed in the FEIS (Table 1-1), but
preliminary calculations of the effects indicated that they would not be

unacceptable (e.g., Channell, 1982).

Popielak et al. (1983) discussed in detail the results of the ERDA-6 and
WIPP-12 testing and sampling and the geologic, hydrologic, and geochemical
characteristics of Castile brine occurrences. Their conclusions are as
follows. Ratios of major and minor element concentrations in the brines
indicate that these fluids originated from ancient seawater and that there is
no evidence for fluid contribution from present meteoric waters. The gas and
brine chemistries of the two reservoirs are distinctly different from each
other and from local ground waters. The brines are saturated, or nearly so,
with respect to halite and consequently have little or no halite dissolution
potential. The ERDA-6 and WIPP-12 brine reservoirs are located in fractured
anhydrites abové thickened halite and may be modeled as fractured
heterogeneous systems. The wvast majority of brine is stored in low-
permeability micrdfractureé; about five percent of ‘the overall brine volume is
stored in large open fractures. The volumes of the ERDA-6 and WIPP-12 brine
reservoirs are estimated to be 630,000 and 17,000,000 barrels respectively.
The brine reservoirs have maintained hydraulic heads greatly in excess of
those in neighboring ground-water systems‘for at least a million years. Given
the evidence for hydfologic isolation and the substantial thickness of intact
halite between the WIPP disposal horizon and any possible brine reservoir in
the Castile Fm., Popielak et al. (1983, p. 6) concluded that "...pressurized
brine reservoirs occurring in the Castile Formation do not affect the

suitability of the present WIPP site."

In a later study of brine geochemistry using uranium-disequilibrium

methods, Lambert and Carter (1984) reached a different conclusion regarding
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the origin of the Castile brine fluids than did Popielak et al. (1983). They
concluded that Castile brine occurrences are the result of the isolation of
waters transmitted to the Castile Fm. from the adjacent Capitan Reef wvia an
intermittent or episodic hydrologic connection and that the isolation times
for the Castile brines at ERDA-6 and WIPP-12 are between 360,000 and 880,000

years.

Geophysical investigations of the possible presence of brine within the
Castile Fm. at the WIPP site have continued since 1983, partly in response to
recommendations of the New Mexico Environmental Evaluation Group (Neill et
al., 1983). Preliminary results played a significant role in the siting of
hole DOE-2 (Figure 1-4) (Mercer et al., 1987). This borehole penetrated a
basinal structure within the lower Salado Fm. and upper Castile Fm. However,

the structure was found to result from deformation rather than evaporite

dissolution; i.e., to result from the gravitational settling of dense
anhydrite through underlying less-dense halite. No Castile brine was.
encountered in borehole DOE-2. Although early geophysical studies

characterized the extent of the "disturbed zone" in the vicinity of the site
(Borns et al., 1983), they were not successful in determining whether Castile
brines were present directly beneath the WIPP underground workings. More
'rECently, a geophysical survey using time domain electromagnetic (TDEM)
methods was completed over the WIPP-12 brine occurrence and the waste storage
panels (The Earth Technology Corp., 1988). The TDEM measurements detected the
brine occurrence at WIPP-12 and also indicated that brines are probably

present within the Castile Fm. under a portion of the WIPP waste panels.

Based on the new information that has been developed since the FEIS, brine

in the Castile Fm. is now assumed to be present under a portion of the WIPP
waste panels (Lappin, 1988). Current studies are analyzing a wide range of
breach scenarios involving brine reservoirs. A newly revised version of SWIFT
IT has been developed to model the dynamics of a brine-reservoir breach and
the associated flow and transport of contaminants to the ground surface or
within the Culebra Dolomite. This code has been used for the Case II analysis

described in Section 7.3 and Appendix E.
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3.4.3 Updated Interpretation of the Properties of the WIPP-12 Brine Reservoir

WIPP-12 was originally drilled in 1978 to a depth of ~846 m below ground
surface (BGS). WIPP-12 was re-entered on November 16, 1981, to map the
stratigraphy through the Castile Fm. and to confirm the presence or absence of
a Castile brine reservoir at that location. A Castile brine reservoir was
encountered in Anhydrite IIT of the Castile Fm. at WIPP-12 on November 22,
1981, while coring the interval from 846.1 to 919.3 m. Brine production began
at a depth of 918.1 m, where downhole pressure was enough to displace the
annular fluid column and produce fluid at the surface at significant rates.
The borehole was drilled to a total depth of ~1,197 m. The bottom of the
borehole was located in the upper part of the Anhydrite I unit of the Castile
Fm. (Beauheim, 1987c). Except when the well was shut in, WIPP-12 produced
brine-reservoir fluids at the surface from the time the reservoir was
encountered until the well was plugged above. the Castile Fm. in June, 1983

(D'Appolonia, 1983).

An extensive array of activities was conducted during the deepening of
WIPP-12, including a complete geologic, hydrologic, and geochemical
reconnaissance (Table 3-18). Table 3-18 lists the duration of each activity
and  the estimated .volume of reservoir fluid produced from the well during
periods when it was open, allowing outflow at the surface (flow sequences).
The cumulative volume produced during these flow sequences was ~37,300 m3.
This cumulative production value should be viewed as an estimate, because
total-flow estimates for some activities were based upon indirect methods, and
because production values were not reported for some activities (D'Appolonia,

1982, 1983;‘Popielak et al., 1983).

2 3.4.3.1 WIPP-12 Testing Program and Factors Limiting Interpretation.

From 1981 to 1983, two sets of drill-stem tests and three flow and recovery
tests were performed on the Castile brine reservoilir encountered at WIPP-12.
The two drill-stem tests are referred to as DST-3020 and DST-2986° and’ the
three flow tests are referred to as Flow Test 1, Flow Test 2, and Flow Test 3
(Popielak et al., 1983). The two drill-stem tests were of short duration, and
ports within the drill-stem tool located downhole were too small to allow flow

at a rate equal to what the formation could produce. Because these tests only
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Table 3-

18.

Summary of Hydraulic Testing Activities at WIPP-12 from November
10, 1981, to March 7, 1983

Duration
Activity Description (Days)

WIPP-12.01 Well Set-up 5.49

WIPP-12.02 Coring 7.68
(846.1 - 919.3 m)3

WIPP-12.03 Pressure Buildup 1.43
(open hole TD = 919.3 m)

WIPP-12.04 Coring 2.41
(919.3 - 928.7 m)

WIPP-12.05 Geophys. Logging 1.90
(TD = 928.7 m)

WIPP-12.06 Pressure Buildup 4.17
(open hole TD = 928.7 m)

WIPP-12.07 Flow Test 1 0.87
(open hole TD = 928.7 m)

WIPP-12.08 DST-3020 1.78
(920.5 - 928.7 m)

WIPP-12.09 DST-2986 0.71
(910.1 - 928.7 m)

WIPP-12.10 Pressure Buildup 4.90
(910.1 - 928.7 m)

WIPP-12.11 Coring 3.82
(928.7 - 947.0 m)

WIPP-12.12 Pressure Buildup 1.45
(open hole TD = 947.0 m)

WIPP-12.13  Coring . 6.04
(947.0 - 1092.7 m)

WIPP-12.14 Pressure Buildup 5.09

(open hole TD = 1092.7 m)
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Table 3-18.

Duration
Activity Description (Days)
WIiPP-12.15 Coring 3.92
(1092.7 - 1196.3 m)
WIPP-12.16 Geophys. Logging 1.18
(open hole TD = 1196.3 m)
WIPP-12.17 PIP Installation 2.08
(947.0 - 1196.3 m)
WIPP-12.18 Pressure Buildup 135.0
(open hole TD = 1196.3 m)
WIPP-12.19 Flow Test 2 0.23
(open hole TD = 1196.3 m)
Pressure Buildup - 2.89
(open hole TD = 1196.3 m)
WIPP-12.20 Flow Test 1.75
(open hole TD = 1196.3 m)
Pressure Buildup 1.20
(open hole TD = 1196.3 m)
Flow Test 3 7.00
(open hole TD = 1196.3 m)
Pressure Buildup 278.4

(open hole TD = 1196.3 m)

TYDe1

Summary of Hydraulic Testing Activities at WIPP-12 from
November 10, 1981, to March 7, 1983 (concluded)

Volume?
Produced (m3)

FL
FL
FL
BU
FL
BU
FL
BU
FL

BU

> 9381

359

+ 3943

1. Type refers to the type sequence the particular activity was. BU refers
to a buildup period under shut in conditions, and FL refers to a flow period.

2. This refers to the amount of formation fluid produced at the surface

during a particular activity.
(1982, 1983) and Popielak et al.

These values were obtained from D’Appolonia
(1983).

3. All depths are measured in meters below ground surface (BGS).
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tested small volumes of rock and were adequately interpreted by Popielak et
al. (1983), they are not reinterpreted here. For Case II, characterization of
the long-term behavior of the reservoir is desired. The analysis of the DST's
does not offer much information about the extent of the reservoir and its

long-term behavior.

The three flow tests were intended to be constant-pressure, variable-
discharge tests. Flow Test 1 was performed primarily to collect brine samples
for geochemical analysis. In order to operate the gas-liquid separator, the
well was backpressured during the test (Popielak et al., 1983). The
corresponding pressures and flow rates were not reported (D’Appolonia, 1982,
1983), and the reservoir hydraulic parameters cannot be interpreted. Of the
other two hydraulic tests, Flow Test 2 had a flow period of 0.23 days and a
recovery period of 2.69 days. Flow Test 3 had a flow period of 7.0 days and a
recovery period of 278.4 days, by which time the reservoir had recovered to

within 17 percent of the estimated static formation pressure of 14.7 MPa.

Because of the corrosive nature of the fluids in the brine reservoir and
the high pressures encountered, testing the WIPP-12 reservoir was difficult.
Factors that contribute to uncertainty in WIPP-12 hydraulic interpretations

are briefly discussed below.

During hydraulic flow tests, flow was measured with flow meters. For all
other activities, flow and total-volume estimates were based on indirect
methods, such as estimates of how many times brine had been hauled away during -
a given time interval (Popielak et al., 1983). Even when flow meters were
used, the meters were subject to flow restriction by salt precipitation and to
frequent malfunction as-a result of the corrosive fluids and gases (H2S)
present in the reservoir brine. Salt precipitated in surface flow meters and

flowlines, restricting flow and causing back pressuring of the formation.

Pressure was measured with downhole transducers, surface transducers, and
mechanical pressure gages at the wellhead. Downhole transducers could not be
left downhole for long periods, because of the extremely corrosive nature of
the brine. For test sequences that recorded pressure at the surface, surface

pPressures were extrapolated to brine-reservoir pressures based upon an
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estimated fluid-column density. This data manipulation adds some uncertainty

to the : pressure responses used for interpretation. In addition, over long
periods of pressure buildup, a gas cap formed at the wellhead in WIPP-12.
Over time, this gas cap could be expected to decrease the integrated density
of the fluid column and to affect the measured pressure responses. ‘Because
the gas cap formed slowly and the amount of gas produced during buildup was
small (Popielak et al., 1983), adequate records of gas-cap evolution were not
recorded. Consequently, the transient effect on fluid-column density is not
known. The evolution of the gas cap can be. expected to affect the buildup
curves (Popielak et al., 1983); however, these effects have been assumed to be

minor and not detrimental to data interpretation.

The gas encountered during the WIPP-12 testing program (and in ‘other brine
encounters) raises a question about the role gas may play during the long-
term, large-scale reservoir depletion simulated in Case Il (Section 7.3.1).
If enough gas is present, then gas coming out of solution as reservoir
pressure drops could play an active role as a flow-driving force. Because gas

phase change occurs as the result .of reduced pressure, gas effects probably

would be most pronounced at intermediate and late times, when relatively large

portions of the reservoir have been depressurized. If it were present, the
gas drive could produce longer and greater flow than predicted by a single-
phase flow model. Because the WIPP-12 tests were relatively short in
duration, a single-phase flow model is considered adequate for their
interpretation. @ The possible- impact of multi-phase flow on long-term brine-
reservoir behavior has not yet been quantified - -and should be considered a
potentially important source of uricertainty in the brine-reservoir breach

simulations.

3.4.3.2 Conceptual Model of the WIPP-12 Brine Reservoir. In a relatively

impermeable medium with discontinuous fractures, permeability deperids on the
connectivity of the fractures (Long et Al., 1982): as the density of fracture
intersections increases per unit volume of rock, so does ' the permeability
increase, assuming. all fractures are open. If the fracture network has some
uniformity within the tested rock volume, then the wvolume of rock tested 1is
generally considered homogeneous. Because no truly homogeneous media exist in

the subsurface, Long et al. (1982) proposed two criteria that should be met
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before a fractured heterogeneous medium is simulated with a homogeneous
continuum model. The first criterion is that there is an insignificant change
in permeability with an additien or subtraction to the test vblume (i.e., a
constant representative elementary volume (REV) can be established within the
test volume). The second criterion is that a systematic permeability tensor
exists that will correctly define flux through the medium if the gradient

direction is changed.

In a naturally fractured, heterogeneous medium -composed of discontinuous
fractures, non-uniqueé medium parameters are commonly derived from hydraulic
tests performed over different time and volume scales. The differences will
Be functions of the variation of the continuity and interconnectivity of the
fractures in space. This so-called "scale effect" has recently been discussed
in detail with regard to Culebra hydraulic-test results (Beauheim, 1988).
When fractures are continuous and the networks they cfeate are uniform, a
representative elementary volume can be defined, and the medium will exhibit a
uniform effective transmissibility as described above (Streltsova, 1988). . If
fracture networks lack uniformity and change as a function of the volume of
rock considered, then no suitable REV can be defined and hydraulic tests of

varying duration will result in different values of medium transmissivity.

Flow into the wellbore from the brine reservoir at WIPP-12 was apparently
derived from a fractured portion of Anhydrite III (Section E.2.1). The
fractures are very conductive, and the matrix of the anhydrite is very tight.
In addition to being a fractured reservoir, the reservoir is of limited
extent. - The brine reservoir at WIPP-12 exhibits a heterogeneous respomnse.
.Figure 3-27 is a Hornmer plot of pressure buildup at WIPP-12 after Flow Tests 2
and 3. The transmissivities determined by Horner’s semi-log method for each
test differ by nearly three orders of magnitude (Popielak et-al., 1983). Flow
Test 2 lasted for 0.23 days, followed by a 2.69-day buildup period. This test
apparently stressed the well-connected fractures near the wellbore and yielded-
a higher interpreted transmissivity. Flow Test 3 lasted 7 days followed by a
buildup period‘of 278 days. This test stressed a much larger volume of rock,
which has a mean transmissivity much less than that of the fractures near the
well. The Horner plot for this buildup exhibits an ever-increasing slope,

indicative of a highly heterogeneous fractured medium (Streltsova, 1988).
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The conceptual model used to interpret hydraulic tests at WIPP-12 assumes
that Anhydrite III of the Castile at WIPP-12 is a fractured, heterogeneous
medimﬁ with discontinuous fractures. The brine reservoir that occurs within
this unit is of limited areal extent. A hydraulic test that stresses a
limited volume of rock around the wellbore may yield a high effective
transmissivity, indicative of a  well-comnected array of fractures. As the
volume of rock stressed increases, the effective formation transmissivity
decreases. This effect could be caused by the late-time response of a coupled
.matrix and fractures, or it could be the result of discontinuous and localized
networks of fractures that are poorly cohneétéd to the main’ p‘réducing
- fractures near the wellbore. A few laboratory estimates of permeability and
porosity of the Castile anhydrite h,av'e been made. The permeability of the
anhydrite core isyless than 2 x 10-19 m2 and the porosity values range from
0.8 to 0.2 percent (Popielak et -al., 1983). If these low permeabilities are
representative of the matrix, the matrix would contribute little to fluid flux
within the reservoir over the time scales of the hydraulic tests performed.
For that reason, the reservoir is interpreted as a heterogeneous, fractured
medium composed of two regions having different transmissivities. When
considering long flow peri‘.ods, as in the simulations for Case II, the matrix
will contribute to reservoir response. For this reason, the modeled reservoir
for Case II simulations (Chapter 7.0 and Appendix E) has an infinite low-
transmissivity medium, representative of the matrix, attached at the

peripheral edge of the modeled region by a Carter-Tracy boundary condition.

The translation of the reservoir conceptual model to a spatially
discretized numerical model for hydraulic-test interpretation produced a
radial system composed of two concentric media with differert
transmissivities. Consistent with the responses presented in Figure 3-27, the
inner region has a higher transmissivity than the outer region. The boundary
of the inner high-transmissivity region is located 300 m from the grid center.
The location of this inner boundary is mnot meant to imply that a boundary
exists within the reservoir at that location, but rather is a simplified‘
approach to representing heterogeneity. = Figure 3-27 suggests that the
transmissivity of the reservoir decreases as the volume of rock increases.
The model presented here is simple, but greater complexity is not warranted,

considering the uncertainties in the data.
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3.4,3.3 Interpretative Approach and Results. Two tests have been used to

define parameters for the brine reservoir at WIPP-12. These are Flow Tests 2

and 3 and their subsequent buildup periods. The primary goal in’

interpretation was to produce a single model that would explain the early- and
late-time behavior.-of the brine reservoir. = The tests performed at WIPP-12
were constant-drawdown, variable-rate flow tests. 1In addition to attempting

to fit the buildup curves after each flow sequence, fitting the flow-versus-

time record during the' flow sequence was also considered important. One

additional calibration parameter was the total volume of fluid produced from’

WIPP-12 from reservoir interception to the final buildup considered in this
study. In the calibration of the model to the observed hydraulic responses,
only transmissivity was allowed to vary. Other parameters were fixed before
calibration, and their values were taken as the base-case values discussed in

Appendix E.2,

‘Because of the complex flow histories and numerous flow and buildup
sequences that occurred at WIPP-12 during hole deepening and testing of the

brine reservoir, and because of the heterogeneous responses observed during

testing; analytical-solution or type-curve methods that rely on simplified

initial conditions do not lend themselves to use in interpreting the test
data. Because long-term pressure depletion and flow history are important to
understanding the reservoir, a model was selected that would allow simulation
of multiple flow and build-up sequences. The model used for interpretation of
the WIPP-12 tests is GTFM. Pickens et al. (1987) described the theoretical

basis of the model and its verification.

In the GTFM model formulation, each flow and buildup sequence in Table
3-18 is represented. The pressure -in the brine reservoir was sufficient to
flow at the surface, and, therefore, when the well was open to atmospheric
pressure, it flowed. During these periods, the formation would be at a
constant pressure equal to the pressure exerted by the fluid column above the
formation plus any overpressuring due to flow restriction from surface
equipment. In the GTFM simulations, these flow sequences, referred fo as
history sequences, are modeled as cbnstant-pressure periods. For buildup

sequences, the formation is allowed to build up from whatever pressure the

reservoir attained at the end of the flow period. The full model simulation
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is composed of 24 individual sequences representing 12 flow periods and 12
buildup sequences. The total testing period represented by these flow and

buildup sequences is 475.6 days.

The GTFM simulation results wversus the observed data for Flow Tests 2 and
3 are shown in Figures 3-28 and 3-29. As can be seen in these figures, the
calibration was based upon not only pressure versus time of the buildup
periéds but also flow versus time during individual flow tests. Hydraulic
characterization of the brine reservoir has led to the conclusion that the
reservoir is a heterogeneous, discontinuously fractured reservoir of limited
extent. The analysis identifies two regions of differing permeability within
the reservoir. The region immediately surrounding the well and extending out
appréximately 300 m is interpreted to have a mean transmissivity of
7 x 10-% m2/s. The area within the reservoir from this inner region out to
the base-case reservoir boundary, at 2,000 m, is interpreted to have a mean
transmissivity approximately two orders of magnitude less than the inner
region, or 7 x 106 m2/s. ‘The storage coefficient of the reservoir is held
constant in the calibration and was calculated to be 8.5 x 10-3 from the base-
case parameters summarized in Table 3-19. The transmissivities of each region
and their radii result from the interpretations presented here and are used as
base-case wvalues in the reservoir-model simulations that are presented in the .

Case II simulations of Section 7.3 and Appendix E.

For Flow Test 2 and Flow Test 3, calibration efforts attempted to match
both the flow history and the following pressure buildup associated with shut-
in conditions. The model simulation matches flow versus time closely (within
5 percent) for Flow Test 2 (Figure 3-28). The pressure match for Flow Test 2
is mot as good as the flow-history match. Figure 3-29 shows the flbw- and
history-match plots for Flow Test 3. The shape of the flow-versus-time
simulation is close to that observed, but the model over-predicts total flow
during the flow sequence by ~60%. The simulated pressure history for Flow
Test 3 is good, better than that predicted by the model for Flow Test 2. The
model predicts, within 30%, the total volume produced from WIPP-12 during the

deepening and testing activities.
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Flow Test 2: Flow-Rate History
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Figure 3-28. Simulated and observed flow-rate history and pressure buildup
for WIPP-12 Flow Test 2,
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Flow Test 3: Flow-Rate History
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Simulated and observed flow-rate history and pressure buildup
for WIPP-12 Flow Test 3. :
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Table 3-19. Summary of Interpreted Properties of the WIPP-12 Brine Reservoir
and Estimated Ranges of Properties for Similar Reservoirs in the
Northern Delaware Basin

Base Case
(based primarily

Parameter Symbol on WIPP-12) Range + Units
-Initial pressure Pi 12.7 7.0 - 17.4 MPa
Effective thickness b 7.0 7.0 - 24.0 om
Transmissivity of T4 7 x 10-4 7 x 10-6 to m2/s
inner zone 7 x 10-2
Distance to inner/ rg 300 ' 100 - 900 = m
intermediate zone contact
Transmissivity of To 7 x 10-6 _ 7 x 1078 to - 'm2/s
intermediate zone 7 xlO'4
Distance to intermediate/ r3 2000 ‘ 30 - 8600 m

outer zone contact

Transmissivity of outer Tm 1x10-11- constant - m2/s
zone of intact Castile

Fluid density pE 1240 ‘ ~_constant kg/m3 -
Porosity P 0.005 0.001 - 0.01
Compressibility of a © 1x10-9 1 x 10-10 to 1/Pa
medium 1 x 10-8 :

Considering the uncertainties in the hydraulic data and the iInherent
problems in characterizing a heterogeneous medium from single-well tests, the
test interﬁretatioﬁ‘hés fesuited.in-a consistent set of parameters for the
WIPP-12 brine reservoir. The reservoir is a much more complicated medium than
is suggested by a simple double-permeability reservoir, although this
simplifying conceptual model has reasonably described the transient behavior
ofsthe brine_reservoir. Because. of limitations in the data, more complicated

representations are not warranted.
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3.5 Bell Canyon Formation and Dewey Lake Red Beds

The following is the major conclusion of Section 3.5.

+ Testing in holes Cabin Baby-1 and DOE-2 indicates strongly that the final
direction of fluid flow in the event of human intrusion connecting the Bell
Canyon and Rustler Fms. would be downward, into the Bell Canyon. Although
variable, Bell Canyon bfines are highly saline and are not suitable for

either human or stock consumption.

3.5.1 Bell Canyon Formation

Aﬁ the time of the FEIS (DOE, 1980a), little hydrologic characterization

of the Bell Canyon Fm. had been performed for the WIPP project. Drill-stem
tests (DSTs) of portions of the Bell Canyon had been performed at well AEC-8,
but only the hydraulic-head data had been interpreted (Mercer and Orx, 1979).
After conversion to: freshwater density, these heads were higher than Rustler
heads, leading to the conclusion that flow between the Bell Canyon and Rustler
Fms. would be upward if the two were ever connected. Thus, the FEIS
considered a scenario in which a drillhole penetrated the Rustler Fm., the
WIPP repository, and the Bell Canyon Fm., and fluid from the Bell Canyon
dissolved waste from the repository and was then injected into the Rustler.
The hydraulic conductivity of the Bell Canyon in this scenario was assumed to

be about 7 x 10-8 m/s.

Williamson (1979) described the Bell Canyon Fm. as consisting of permeable
channel ' sandstones separated by shales and siltstones (Figure 3-30), rather
than a continuous, homogeneous sandstone aquifer. Mercer (1983) provided the
first comprehensive discussion of the Bell Canyon Fm. at the WIPP site, using
completed interpretations of testing performed at AEC-7, AEC-8, and ERDA-10.
Mercer (1983) found that the hydraulic conductivities of the Bell Canyon
sandstones, siltstones, and shales ranged from 2 x 10-7 to 7 x 10-12 p/s.
Mercer (1983) updated Hiss’s (1976) potentiometric-surface map for the upper
Bell Canyon Fm. and confirmed the interpretation of Hiss that flow in the Bell

Canyon is northeastward, toward the Capitan reef. Mercer (1983) also
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concluded that flow would be downward, not upward, if the Rustler and Bell

Canyon Fms. were ever interconnected.

Beauheim et al. (1983) and Beauheim (1986) reported on later DSTs of the
Bell Canyon Fm. at wells Cabin Baby-1 and DOE-2, respectively (Figure 3-30).
Hydraulic conductivities reported for the sandstone/siltstone members‘of the
Bell Canyon Fm. ranged from 1 x 10-8 to’2 x 10-10 m/s at Cabin Baby-1 and from
2 x 10-8 to 7 x 10-10 p/s at DOE-2. From hydraulic heads measured in the Bell
Canyon Fm. and Culebra Dolomite at DOE-2, Beauheim (1986) concluded that the
direction of flow in a cased borehole open only to the Bell Canyon and Culebra -
would be upward. In an open borehole, however, dissolution of halite in the
intervening Castile and Salado Fms. would increase the specific gravity of the
Bell Canyon fluid so that, at the elevation of the Culebra Dolomite, the
Culebra head would be higher than the Bell Canyon head, resulting in downward
flow. Consequently, the FEIS scenario inﬁolving upward flow of Bell Canyon
fluid into the Rustler Fm. was unrealistic. Even though the scenario
explicitly recognized that halite from the Castile and Salado Fms. would be
dissolved as Bell Canyon fluid moved through an open borehole, it failed to
realize that the increase in fluid density associated with this dissolution

would cause the direction of flow to reverse.

3.5.2 Dewey Lake and Shallower Units

©

Little new information on the Dewey Lake Red Beds and shallower units has
become available since the FEIS was written (DOE, 1980a). The only
indications of ground water found in the Dewey Lake during extensive drilling
at the WIPP site have been moist drill cuttings from some zones (Mercer,
1983). Testing at H-2¢ (Mercer, 1983), DOE-2 (Beauheim, 1986), and H-14
(Beauheim, 1987c) showed no evidence of a water table in the Dewey Lake Red
Beds. Losses of circulation fluid during drilling (Mercer, 1983; Mercer et
al., 1987), however, provide evidence of permeability within the Dewey Lake,
even if it is not saturated. A water table, possibly perched, 1is present
within the Dewey Lake Red Beds just south of the WIPP site at the J.C. Mills
Ranch. Mercer (1983) speculated that the water may be contained in lenticular

sandstone beds recharged through nearby dune fields.
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A small quantity of ground water was  found in the lower part of the
undifferentiated Dockum Group (called the Santa Rosa Sandstone in the FEIS) at
well H-5 in the northeast corner of the WIPP site (Mercer, 1983). This
occurrence appears to reépresent the westernmost edge of a water table lying
downdip to the east. No evidence of ground water in the Dockum Group was

found during drilling of other wells on the WIPP site or at well H-10,

southeast of the site. No evidence of ground water was found in shallower -

units during drilling at the site .(Mercer, 1983).
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4.0 CONDITION OF THE REPOSITORY IN THE ABSENCE OF HUMAN INTRUSION

4.1 Overview of the Disposal-Room Model

The long-term radionuclide-transport calculations described in later
sections of this report assume that the waste-emplacement rooms and panels
reach "steady-state" before ground-water transport begins. "Steady-state" is
used here only to indicate that processes of compaction and porosity reduction
resulting from the creep closure of the repository have greatly slowed from
their initial rates. This section describes the logic used in estimating the
final or steady-state room parameters, which in turn serve as input parameters

to radionuclide-transport calculations.

The model for the final state of waste in the WIPP disposal rooms 1is
frequently referred to as the "source term," because one of its components
defines the masses of radionuclides that are taken up by ground water in
contact with the waste and hence become available for transport. "Source
term" 1is used here in a broad sense that includes estimates. of in-situ
porosities and permeabilities as well as total inventory and inventory in
ground water in the repository. In the absence of detailed information about
the distribution of the radionuclide inventory, each disposal room is assumed
to contain a homogeneous waste mixture that has the average composition of the
entire radionuclide inventory. Rooms will be backfilled to the extent

practicable with a mixture of 70% crushed salt and 30% bentonite, by Weight;

A major part of the disposal-room model defines the generation rates and
total volumes of gases produced by bacterial decomposition, radiolysis, and
chemical corrosion (Section 4.2). Because brine is the principal wvehicle for
transporting radionuclides out of the repository, the amount of brine that can
flow into the repository must also be specified (Section 4.3), in addition to
the total inventory of radionuclides (Section 4.4) and their solubilities
(Section 4.5). Given the amount’of brine present, the amounts of dissolved
radionuclides can be estimated for hydraulic-flow analyses (Chapters 6.0 and
7.0). The potential for sorption of radionuclides by the surroundings is

discussed in this report (Section 4.6), but radionuclide sorption within the
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waste panel has not been included in the calculations. The structural
behavior of the Salado Fm. adjacent to the repository (Section 4.7) also
strongly affects the long-term state and properties of the waste and backfill

(Section 4.8) and the panel and shaft .seal systems (Section 4.9).

Gas evolution is coupled to brine inflow, because in some reactions the
gas generated depends on the amount of water present. This coupling makes
estimating the amount of brine in the room particularly important and
difficult. Gas has an internal source, unlike brine, which enters the WIPP
from an external source. Gas can enhance connectivity between void spaces in
the process of ‘escaping from the waste, although this possibility is not
evaluated numerically in this report. In addition, gas generation within the
repository could retard brine inflow. The total volumes of gas generated, the
potential response of the WIPP repository, and the interaction of gas and

brine are considered here, however (Section 4.10).

The final void volumes and the hydraulic conductivities of the compacted
waste are also required for the disposal-room model, assuming backfill
permeabilities are negligible. At saturation, the waste void volume
determines the amount of brine in contact with the waste at any one time and
the permeability of the waste, which is assumed to control the rate of brine
flow through it and the rate of briné mixing within it. Even though various
categories of waste will compact  differently, the final void volume and
permeability, 1like the radionuclide masses, are based on average waste
compositions. The permeability of the waste is given in terms of hydraulic
conductivity for consistency with the rest of the report. Average properties
are used, because waste categories will be mixed during emplacement.
Uncertainties about composition of the waste and its inherent variability will

probably decrease as additional information becomes available.

A quantitative description of the mnear-final condition of the disposal
room was developed after the important components of the model were apparent.
Table 4-5 (p. 4-48) summarizes some of the major assumptions and parameter

values of the model.



4.2 Gas-Production Rates, Potentials, and Periods
The major conclusions of Section 4.2 are listed below.

Anoxic corrosion of drums and metallic wastes will be the dominant gas-
producing process within the repository if sufficient Mg-rich brine is
present. Anoxic corrosion has an estimated gas-generation potential of 894

moles/drum.

Microbial activity will produce gas, even if supported only by the initial
water content of waste and sludges or by water vapor, by consuming
cellulosic materials and possibly plastics and rubbers. The estimated
total potential for gas generation by microbial activity is 606 moles/drum-

equivalent.

At different times and oxidation potentials, gases that could be produced
by microbial activity include COg, CHy, H2S, and No2. In the absence of an
engineering modification that removes organic compounds,. the conditions
governing microbial activity may vary with time and location within the
repository. Therefore, it 1is not possible at present to define the
expected gas compositions quantitatively; it may wvary within the

repository.

The total éstimated average rate of gas generation by microbial activity,
0.85 mole/drum per year, is qualitatively the same as that estimated in the
WIPP FEIS (DOE, 1980a). Although waste geometry and water availability may
affect both the generation rate and total generation potential, these
effects cannot be quantified without additional experiments. The current
estimate of gas potential, 1,500 moles/drum-equivalent, is less than the

FEIS estimate of 2,000 moles/drum-equivalent.

Both the total amounts and total volumes of gas that will be generated
within the WIPP repository are uncertain. Some microbial gas will be
generated by the present waste form even in the complete absence of
inflowing brine, because of4the water originally present in the waste and

the long-term buffering of room humidity near 70% by intergranular brines
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in the surrounding Salado Fm. Even .without microbial activity, the
presence of Mg-rich Salado brine in the repository would result in anoxic
corrosion of drums and metallic wastes. Gas-production rates are also

uncertain, because gas production will retard brine inflow.
« The net effect of microbial activity on the room water budget is not known.
‘Some microbial' reactions consume water, some produce it. The net effect is

assumed here to be zero,

4.2.1 Processes that Produce Gas

The gas and water (H90) contents of WIPP disposal rooms will affect the
long-term performance of the repository, especially in the event of human
intrusion. Because chemical reactions can produce or consume large amounts of
gas and Hp0, repository chemistry must be quantified to predict repository gas
and Hp0 budgets. During the last year, the WIPP Performance Assessment (PA)
Source-Term Group (STG) has performed several tasks. They reviewed relevant
investigations carried out by the WIPP Project and for other applications;
identified and assigned priorities to additional laboratory studies required
to quantify repository gas and Hp0 budgets; and developed a conceptual design
for the studies. Appendices A.l1 through A.3 describe these activities in
detail. Data from the laboratory investigations recommended by the STG will

not be available for several months.

Several processes could affect repository gas and H90 budgets. The air
trapped in disposal rooms at the time they are filled and sealed will comprise
mostly nitrogen (N2) and oxygen (02). The Salado Fm. will release brine and
will initially release gas, mostly No. Eventually, the Salado Fm. will serve
as a sink for all gases, except perhaps No. Microbial activity, either
aerobic or anaerobic, halophilic or nonhalophilic, wili consume cellulosic and
perhaps other materials in the waste and will produce carbon dioxide (CO3) in
potentially large amounts, as well as other gases under certain conditions.
These other gases could include hydrogen sulfide (H3S), methane (CHg), and No.
The net effect of microbial activity on the H90 budget of the repository,
however, is unclear. Corrosion, either oxic or anoxic, of drums, metal boxes,

and metallic constituents of the waste (hereafter called "metals"), will
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consume large quantities of H20, and (in the case of anoxic corrosion) produce
large amounts of hydrogen (Hy). Microbial consumption of Hy during sulfate
(8042-) reduction might remove one of these gases. The reaction of H3S with
metals or their corrosion products to form pyrite (FeSy) will probably remove
another. The formation of FeSy, however, will release the Hy consumed during
S042- reduction and perhaps produce additional H9 and release any H90 consumed
during oxic or anoxic corrosion. Radiblysis of brines, cellulosic materials,
plastics, and rubbers will consume H90 and produce carbon monoxide (CO), CO2,

Ho, and O2. Appendices A.1l through A.3 describe these reactions in detail.
4.2.2 Microbial Gas Production

The laboratory investigations recommended by the STG will provide detailed
information on several of the processes described above. 1In lieu of these
results, the best available data are those reviewed by Molecke (1979). Based
on an extensive literature review and experimental program, Molecke (1979)
concluded that the "most probable overall average" gas-production rate for TRU
waste in disposal rooms will be 0.3 to 1.4 moles/drum per year, with 0.0005
moles as the lower 1limit and 2.8 moles as the upper limit. This estimate
considered four processes--microbial degradation (tﬁe most important),
chemical corrosion, radiolysis, and thermal degradation--and was based on
estimated properties of the TRU waste existing at the Idaho National
Engineering Laboratory (INEL) at that time.

Sandia Laboratories (1979) also estimated a "worst case" gas-production
rate of 5 moles/drum per year for 400 years. The results given in Sandia
Laboratories (1979) were calculated by Martin A. Molecke of Sandia, but that
report did not describe in detail the calculations and assumptions used.
Molecke has, however, described those assumptions and calculations to the
authors of this report, and his description is briefly summarized here. To
calculate the "worst case" gas-productionbrate and gas-production period,
Molecke estimated that the theoretical, maximum total gas-production potential
of a typical TRU waste drum under aerobic conditions is 5,600 moles, but that
the actual gas-production potential under the conditions expected for the WIPP
is 2,000 moles/drum.



The "best estimate" of the gas-production rate, i.e., the expected or most
realistic value, is 0.85 moles/drum per year. This rate is the arithmetic
mean of 0.3 and 1.4 moles/drum per year, the range estimated by Molecke
(1979). This gas-pfoduction rate does mnot include the Hp produced by anoxic
corrosion of metals (see below). The calculations in this report, however, do
not use the gas-production potential of 2,000 moles/drum estimated by Sandia
Laboratories (1979); instead; they use a total gas-production potential of

1,500 moles/drum.

The new gas-production potential of 1,500 moles/drum has been calculated
using the same assumptions used for the estimate of 2,000 moles/drum proposed
by Sandia Laboratories (1979), but using new estimates of the quantities of
some of the nonradioactive constituents of the WIPP inventory (Appendix A.9)
and using an estimate of the Hy-production potential from anoxic corrosion of
metals. The gas-production potential of 1,500 moles/drum does not include
radiolysis, which is probably a minor component of the total gas-production

potential for most of the nonradiocactive constituents of TRU waste.

To calculate a gas-production potential of 2,000 moles/drum for Sandia
Laboratories (1979), Molecke assumed that 100% of the cellulosic materials and
50% of the Neoprene and Hypalon (two types of rubber) in the waste will be
converted to gas by microbial degradation. Furthermore, Molecke assumed that
the theoretical, maximum yields for the conversion of these materials by
aerobic degradation will be 37.1 moles of carbon oxides (COx) and 30.9 moles
of Hyp per kg of cellulosic materials; 4.16 moles of chlorine gas (Clp), 28.8
moles of COgz, 24.9 moles of Hp, and 4.81 moles of sulfur oxides (S0y) per kg
of Hypalon; and 8.05 moles of Clg, 45.2 moles of COx, and 28.3 moles of’Hg'pef"
kg of Neoprene.

Appendix A.9 estimates that there will be 253,000 kg of cloth, 66,600 kg
of treated lumber, 56,700 kg of untreated lumber, 3,280,000 kg of paper, and
93,400 kg of plywood in the TRU waste that will be emplaced in the WIPP.
Furthermore,‘Appendix A.9 estimates that 4,500 of the 6,000 "old" boxes that
contain TRU waste (see below) are made of plywood. For these boxes, the
average mass of plywood per box (excluding any plywood in the waste) is 158

kg. Because neither the "new," metal, standard TRU-waste boxes nor the drums
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contain plywood (excluding any plywood in the waste), the total quantity of
plywood in containers will be 711,000 kg. Based on the estimates in Appendix
A.9, the total quantity of cellulosic materials in the WIPP will be 4,461,000
kg.

Appendix A.9 also estimates that there will be 118,000 kg of Hypalon,
135,000 kg of Neoprene, 591,000 kg of surgical gloves, and 80,000 kg of
miscellaneous rubbers in the WIPP inventory. Prorating the 671,000 kg of
surgical gloves and miscellaneous rubbers between Hypalon and Neoprene, the-
waste is estimated to contain 431,000 kg of Hypalon and 493,000 kg of

Neoprene.

Appendix A.9 estimates that the WIPP inventory will consist of 385,000
drﬁms of TRU waste, 6,000 "old" boxes of TRU waste, each equivalent to 15
drums, and 13,500 "new" boxes of TRU waste, each equivalent to 6 drums. Thus,

the equivalent of 556,000 drums of TRU waste will be emplaced in the WIPP.

Dividing the estimates of the total quantities of cellulosic materials,
Hypalon, and Neoprene given above by 556,000 drums gives 8.02 kg of cellulosic
materials, 0.775 kg of Hypalon, and 0.887 kg of Neoprene per equivalent drum.
The same microbial conversion factors and yields assumed by Molecke for Sandia

Laboratories (1979) were used to calculate gas-production potentials for these

quantities of materials: 545 moles/drum for cellulosic materials, 24.3
moles/drum for Hypalon, and 36.2 moles/drum for Neoprene. The total
gas-pi'oduction potential is 606 moles/drum for these materials. Molecke's

(1979). gas-production rate of 0.85 moles/drum per year and the gas-production
potential of 606 moles/drum imply a gas-production period of 713 years,
assuming brine saturation. These estimates do not include the Hp that will be

produced by anoxic corrosion of metals (see below).
4.2.3 Anoxic Corrosion

Although Molecke (1979) considered chemical corrosion for his estimate of
the "most probable overall average" gas-production rate, he assumed that

corrosion of metals will only occur prior to filling and sealing of WIPP.

disposal rooms. Such corrosion will consume 09 from the mine air. After
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sealing, depletion of this 0Oy and any 02 produced by radiolysis, and
resaturation of the repository by magnesium (Mg2+)-bearing brine, anoxic
corrosidn of metals will consume H20 and produce Hjp. An estimate of the.
potential Hj-production rate must therefore be added to the value of 0.85
moles/drum per year for those cases in which resaturation of WIPP disposal

rooms is assumed.

* Data reviewed by Molecke (1979) provide the highest estimate of the
Hj-productioﬁ rate. These data, which were obtained from a laboratory study
of the corrosion of 1018 mild steel (the same alloy used for the drums) in
sodium-chloride-saturated brine at 25°0C, imply that anoxic corrosion will
produce 2 moles of Hy per drum per year for 336 years, when all of the drums
will be consumed. In addition, Appendix A.l1 extrapolates data reported by
Haberman and Frydrych (1988) from a laboratory study of the corrosion of A216
Grade WCA mild steel in Permian Basin brines at 90, 150, and 200°C to expected
WIPP temperatures of about 30°C and the lower Mg2+ concentrations of
intergranular Salado brines. Based on these extrapolations, anoxic corrosion
will consume all of the drums in 500 to 2,000 years. The lowest estimate of
the Hp-production rate, based on the corrosion period of 2,000 years, is 0.262
moles/drum per year. The arithmetic mean of the lowest and .the highest rates,
1.13 moles/drum per‘year, is the "best estimate" of the Hp-production rate.
Molecke (1979) calculated an Hp-production potential of 672 moles/drum, but
Appendix A.l calculates an Hj-production potential of 524 moles/drum.  The
mean of these two wvalues is 598 moles/drum. These mean values lead to an
estimate of anoxic drum corrosion of 1.13 moles of Hy/drum per year for 529

.years. These estimates do not include the Hy that will be produced by anoxic
corrosion of metal boxes and metallic constituents of the waste; discussed

below, nor do they account for retardation of brine inflow by gas generation.

Because much of the waste will be emplaced in metal boxes, the estimates
of the Hp-production potential and the Hg-production period given above must
be corrected to account for the difference betweeen the quantities of steel
pér equivalent drum of waste in the metal boxes and the mass of steel per
55-gallon drum used in Appendix A.1l, 29.3 kg. (Because no corrosion data are
available for tﬁe metal boxes, Hp-production rates for metal boxes are assumed

to be identical to the rate .for drums. The steel alloy used in boxes is
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similar to that used in drums.) Appendix A.9 estimates that 1,500 of the
6,000 "old" boxes and all of the 13,500 "new" boxes will be made of steel.
Each "old" metal box contains 236 kg of steel and that each "new" box contains
341 kg of steel. Because each "old" box contains the equivalent of 15 drums
of waste and each "new" box contains the equivalent of 6 drums of waste, there
are 15.8 kg of steel per equivalent drum 6f waste in the "old" boxes and 56.8
kg of steel per equivalent drum of waste in the "new" boxes. The weighted
average for the mass of steel per equivalent drum of waste in the WIPP

inventory, Mp, is

29.3 kg ]

Ma =[385,000 drums [ 55-gal drum

15.8 kg ]

2 " n
+ 22,500 equivalent drums in "old" boxes [ equivalent drum in "old" box

56.8 kg
equivalent drum in "new" box

+ 81,000 equivalent drums in "new" boxes [

o

556,000 equivalent drums

29.2 kg/equivalent drum

The weighted average, 29.2 kg of steel per equivalent drum, is virtually
identical to 29.3 kg per 55-gallon drum, the value used in Appendix A.1l.
Nevertheless, the estimate of the Hj-production potential has been reduced
from 598 moles/drum per year to 596 moles per equivalent drum, and the

estimate of the Hy-production period from 529 years to 527 years.

In addition to the H)p produced by anoxic corrosion of drums and metal
boxes, anoxic corrosion of wvarious iron (Fe) and steel alloys in the waste
will also produce Hp. These alloys are assumed to corrode at the same rate as
mild steel. Appendix A.9 estimates that there are 5,110,000 kg of stainless
steel alloys and 3,000,000 kg of miscellaneous Fe-based alloys in the WIPP
inventory. Based on these estimates, there are 14.6 kg of Fe and steel per
equivalent drum of waste. Because each equivalent drum of waste contains 14.6

kg of Fe or steel in addition to the 29.2 kg of steel used to fabricate the
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drum or: metal box, the Ho-production potential is increased by 50% from 596
moles/drum to 894 moles/drum. If sufficient brine were present (see below),
anoxic corrosion of drums, metal boxes, and Fe-bearing constituents of the
waste would occur simultaneously; therefore the Hp-production rate will
increase by .50% from 1.13 moles/drum per year to 1.70 moles/drum per year, but
this ‘rate will still be applicable for 527 years. Because no infdrmation is
available to evaluate the possibility of Hp-production by anoxic corrosion of
other metals in the waste, the estimate described above cannot be corrécted
for these metals. About 64% of metallic constituents of the waste, however,
comprises Fe-based alloys. Other metallic constituents are lead, 7%;

tantalum, 4%; and others (mainly aluminum and copper), 25%.

Appendix A.l calculates that 102 m3 of brine will be consumed by anoxic
corrosion of all of the drums in a WIPP disposal room, but this wvalue was
based on the assumptions that there will be 6,750 drums/room and that the mass
of steel per drum is 29.3 kg. Assuming 7,000 drums/room and 29.2 kg of steel
per equivalent drum, 105 m3 of brine would be required. At 6,800 drums/rooms
(Section 4.8), 102 m3 would be required, assuming the same amount of steel per
equivalent drum. Furthermore, this value must be increased by an additional
50%, to 158 m3, to account for Fe-bearing constituents of the waste. If all
of the brine that enters the rooms were consumed by absorption by bentonite or
crushed salt in the backfill, or by other processes such as microbial
hydrolysis of cellulosic materials or radiolysis, anoxic corrosion of metals
might not occﬁr, and Hy might not be produced by this process. It is possible
that anoxic corrosion could proceed using H90 vapor present in disposal rooms
after they are sealed and 0y is depleted, or using H90 previously absorbed by
bentonite in contact with metals,.but there is no evidence yet that anoxic
corrosion will actually occur in the absence of condensed Hp0. If sufficient
brine were present for ahoxic corrosion to occur, the total gas-production
rate would be the sum of 0.85 and 1.70 moles/drum per year, or 2.55 moles/drum
per Yyear. This estimate assumes that microbial degradation and anoxic
corrosion occur simultaneously. The total gas-production potential would be

the sum of 606 and 894 moles/drum, or 1,500 moles/drum.

Although the chemical reactions discussed above will also affect the H0

budget of the repository, whether they will consume or produce H20 is not
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known. In lieu of results from the laboratory investigations proposed by the
STG, these reactions are assumed to have no net effect on the repository Ho0

budget.

4.2.4 Discussion

The estimates of the gas-production rates and the pgas-production
potentials discussed above raise concerns about the long-term performance of
the WIPP (Section 4.10). These estimates must be justified, especially with

respect to the possible choice of lower values for these parameters.

Paul Drez of IT Corporation, Albuquerque, NM, has calculated gas-
consumption and -production rates based on the results of analyses by Clements
and Kudera (1985) of head-space gases from drums of Rocky Flats TRU waste
stored at INEL. Drez concluded that both rates decrease to low values after a
few years. This conclusion might be applicable to waste in WIPP disposal
rooms prior to filling and sealing, but is probably inapplicable thereafter,
for two reasons. First, the low relative humidity during near-surface storage
at INEL probably prevented significant microbial degradation of the waste at
that time, but microbial activity will occur after the rooms are sealed, the
drums are crushed, and the repository resaturates. Even without resaturation,
the relative humidity in WIPP disposal rooms after sealing will be higher than
it is during near-surface storage at INEL, and it could be high enough to
promote microbial activity, albeit at slow rates. Second, in the event of
brine saturation of the repository, anoxic corrosion of metals will produce
copious quantities of Hy. Even without resaturation, anoxic corrosion might

.proceed using H90 wvapor, if Mg2+ is available.

Recently, critics of the laboratory studies reviewed by Molecke (1979)
have stated that these experiments yielded microbial gas-production rates
greater than those expected for actual repository conditions, because they
were carried out under conditions optimized for microbial activity. ‘Molecke
(1979) pointed out, however, that experiments conducted under saline or
asaline conditions, brine-saturated or moist conditions, and with glucose or
less bioavailable waste simulants as the substrate all yielded similar gas-
production rates. Critics have also suggested that Molecke'’'s (1979) "most

probable overall average" gas-production rate of 0.85 moles/drum per year is
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actually -a "worst case" estimate because his experiments: were short relative
to:« the period of.  interest to the WIPP PA, and that the microbial gas-
production rate will probably decrease greatly with time. This rate could
indeed decrease with time as microorganisms turn to less efficient metabolic
pathways upon depletion of electron acceptors (oxidants) that yield more free
energy per mole of organic carbon consumed (cf. Appendix A.1). Molecke
(1979), however, reviewed the results of both aerobic and anaerobic
microbiological experiments. and concluded that the gas-production rates were
similar. The proposed rate of 0.85 moles/drum per year thus probably already
reflects the expected decrease in microbial gas-production rates with time.
It is still possible, of course, that additional laboratory or underground
studies will yield microbial gas-production rates lower than those reviewed by
Molecke (1979). Whether these studies will yield gas-production rates low
enough to preclude significant pressurization of the repository, however, is
unclear. In any case, it would be difficult at this time to justify any rate
lower. than 0.85 moles/drum per year for microbial and radiolytic gas

production.

The use of a gas-production potential less thaﬁ the current estimate of
1,’500> moles/drum is also appealing. Appendix A.1 for example, calculates a
microbial gas-production potential of 690 moles/drum based on the assumption
that the only substrate used by microorganisms would be cellulosic materials,
a previous estimate of 6.90 kg of cellulosic materials per drum from Drez, and
the assumptions that microorganisms would consume all of the cellulosics by
using 5042' as the electron acceptor and that none of the CO2 or H2S produced
would dissolve in any brine present or react with metals or their corrosion
products. The estimate of 690 moles/drum from Appendix A.1 must now be
revised for several reasonms. First, the previous estimate of 6.90 kg of
cellulosic materials per drum did not include the plywood boxes in which much
of the waste will be emplaced. Plywood boxes have been included in the
current estimate of the gas-production potential. Second, ‘micfoorganisms
could well consume waste constituents in addition to cellulosic materials.
The most important potential additions are plastics, which are not included in
the current estimate, and -rubbers, of which 50%»are assumed to be converted to
gas in the current estimate. Although microorganisms will almost certainly

consume cellulosic. materials in preference to plastics, théy could turn to
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plastics after depletion of the cellulosic materials. Furthermore, radiolysis
of plastics could transform them into more bioavailable materials. Third, the
stoichiometry of the microbial reactions proposed in Appendix A.1 must be
revised to include factors such as the hydrolysis of cellulosics and the
synthesis of cellular material (biomass) by microorganisms. Fourth, the
microbial gas-production potential will also depend on estimates of the
quantities of waste constituents in addition to cellulosic materials, such as
NO3- (a potential electron acceptor) and plastics. Fifth, the estimate of 690
moles/drum did not include the Hg-production potential from anoxic corrosion
of metals. Anoxic corrosion has been included in the current estimate of the
total gas-production potential, 1,500 moles/drum. Based on these
considerations, the current estimate of the gas-production potential will be

revised in the next few months.

4.3 Expected Brine Inflow to Waste Rooms and Panels
Based on a Darcy-Flow Model

The following are the major conclusions of Section 4.3.

¢ Under expected conditions, no free brine will be present within the
repository until well after structural closure, at which time room porosity

w