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EXECUTIVE SUMMARY

This hydrogeologic modeling study has been performed as part of the
regional hydrologic characterization of the Waste Isolation Pilot Plant
(WIPP) Site in southeastern New Mexico. The study resulted in an
estimation of the transmissivity distribution, hydraulic potentials, flow
field, and fluid densities in the Culebra Dolomite Member of the Permian
Rustler Formation at the WIPP site.

The three-dimensional finite-difference code SWIFT-II was employed for the
numerical modeling, using variable-fluid-density and a single-porosity
formulation. The variable-fluid-density approach does not, at this stage,
include changes in brine density within the model due to the present flow
field or due to local reactions, such as halite dissolution. The spatial
scale of the model, 24 km by 25 km, was chosen to allow simulation of a
62-day pumping test conducted in the fall of 1985 at the H-3 hydropad
south of the center of the WIPP site, and a 36-day pumping test conducted
in early 1987 at well WIPP-13 northwest of the center of the WIPP site.
The modeled area includes and extends beyond the WIPP controlled zone
(Zone 3).

The work performed consisted of modeling the hydrogeology of? the Culebré
using two approaches: (1) steadyJ%tate modeling to develop the best
estimate of the undisturbed head distribution, i.e., of the situation
before sinking of the WIPP shafts, which began in 1981; and (2)
superimposed transient modeling ‘of 1local hydrologic responses to
excavation of the three WIPP shafts at the center of the WIPP site, as
well as to various well tests. Boundary conditions (prescribed constant
fluid pressures and densities) were estimated using hydraulic-nead and
fluid-density data obtained from about 40 wells at and near the WIPP
site. The transient modeling used the calculated steady-state freshwater
heads as initial conditions.

_HO9T700R554 ii

®

,ilip




The initial spatial transmissivity distribution in the Culebra dolomite
was obtained using two different kriging techniques, the USGS universal
kriging code, K603, and the MIT generalized kriging code, AKRIP. The
resulting transmissivity distributions are very similar with low
transmissivities (< 1 x 1077 m?/s) in the eastern model area, intermediate
transmissivities (1 x 10"6 to 1 x 10~—J4 m2/s) in the central part of the
model area, and high transmissivities (> 1 x 1073 m2/s) in the western
part of the model area representing Nash Draw. The transmissivity
distribution estimated by AKRIP was selected for the initial steady-state
simulation. The resulting initial steady-state model was calibrated such
that the differences between the calculated and observed freshwater heads
are below the uncertainties associated with observed heads. Calibration
parameters were the prescribed boundary conditions and transmissivities.
AKRIP was used in the estimation of the transmissivity distributions
during calibration.

The steady-state calibrated transmissivity distribution contains a
relatively high-transmissivity zone between wells H-17 and P-17. Modeled
transmissivities within this zone are approximately 5 x 107 m?/s. The
location of the 2zone is avppr'olximately the same as that proposed in a
previous interim modeling report, but the transmissivity is four times
lower in magnitude. Sensitivity analyses performed in this study
demonstrate that the introduction of a higher transmissivity feature
between H-17 and P-17 is required to reduce the differences between the
calculated and observed heads in the vicinity of DOE-1 and H-11 below the
uncertainties of the observed heads. The final transmissivity
distribution is also 'char-aétér'ized by a relatively large area of 1low
transmissivities (less than approximately 10’6 m2/s} near the center of
the site. This area includes wells H-1, H-2, WIPP-12, WIPP-18, WIPP-19,
WIPP-21, WIPP-22, P-18, and H-5, in addition to the WIPP shafts.

After final calibration of the steady-state model, the following drilling
and testing activities at the WIPP shafts and well locations were
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incorporated into the model and superimposed onto the steady-state head

distribution: (1) a simplified but complete shaft history since 1981; (2)
three pumping tests and a series of slug tests conducted at the H-2
hydropad in 1982 and 1981; (3) the H-3 convergent-flow tracer test
conducted in 1984; (4) the H-3 step-drawdown test conducted in 1985; (5)
the H-3 multipad pumping test in 1985 and 1986; (6) the convergent-flow
tracer test at the H-U4 hydropad conducted between 1982 and 1984; and (7)
the WIPP-13 multipad pumping test conducted in 1987. The transient
simulation of the above hydraulic stresses in the Culebra dolomite
extended from January 1, 1981 to December 31, 1987.

The initial transient simulation using the steady-state calibrated model
adequately reproduced the observed drawdowns at P-14, DOE-2, and H-6
during the WIPP-13 multipad pumping test. The calculated drawdowns at
H-11 and DOE-1 during the simulation of the H-3 multipad pumping test are
also very similar to the observed drawdowns. The steady-state calibrated
transmissivities do. not adequately reproduce the observed transient
responses generated from the shaft events or the observed drawdowns at the
pumping wells used in the simulation, H-2, H-3, H-4, and WIPP-13.
Generally, the calculated drawdowns at these wells are a factor of two
greater than the observed drawdowns. Similarly, the calculated drawdowns
due to the shaft events are a factor of two greater than the observed
drawdown at H-1, H-2, and H-3.

Sensitivity analyses performed to determine the effects of the model
transmissivities and storativity upon the calculated transient heads
indicate that adjustments to the steady-state calibrated transmissivities
are necessary to reduce the differences between the calculated and
observed transient data. These analyses indicate: (1) loﬁer
transmissitivities are required between the shafts and H-1, H-2, H-3, and
the WIPP wells in the vicinity of the shafts; (2) higher transmissivities
are necessary in- the vicinity of H-2, H-3, H-4, and WIPP-13; and (3) a
higher transmissivity, low-storativity zone between WIPP-13 and the WIPP
wells north of the shafts is necessary to reproduce the observed transient
responses during the WIPP-13 multipad pumping test.
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The modeling study discussed in this second interim report is based on the
transmissivity data available as of November 1987. as well as the
hydraulic-head data available as of August 1987. This modeling study
represents recent progress towards a comprehensive modeling study
characterizing the regional hydrogeology of the Culebra dolomite of the
Rustler Formation at the WIPP site. The next step will incorporate the
results of the transient effects due to the pumping during a tracer test
at the H-11 hydropad and the transient effects due to the construction of
the fourth shaft at the WIPP site. Improvement of the agreement between
the observed and the calculated transient freshwater heads by additional
calibration efforts is also planned. In addition, adjoint-sensitivity
techniques will provide quantitative estimates of sensitivities of model
results to the spatial ' distribution of the model parameters and the
boundary conditions. The final report is planned to be issued in early
1989.
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1.0 INTRODUCTION

Site-characterization efforts are being conducted at the Waste Isolation
Pilot Plant (WIPP) site in southeastern New Mexico (Figure 1.1) as part of
the evaluation of the suitability of the bedded salt in the Salado Forma-
tion for isolation of defense transuranic waste. Studies are performed in
accordance with the Consultation and Cooperation Agreement between the
U.S. Department of Energy and the State of New Mexico. ~ Efforts have
included regional and 1local geologic, geochemical, and hydrogeologic
characterization. Sandia National Laboratories is coordinating the
nydrogeologic studies on behalf of the Department of Energy. This report
represents a summary of work conducted to date on developing a. ground-
water model for the Culebra Dolomite Member of the Rustler Formation on a
regional scale around the WIPP site. This work was performed by INTERA
Technologies under contract to Sandia National Laboratories.

The Culebra dolomite is the most transmissive, 1aterally-cdntinuous,
hydrogeologic unit above the Salado Formation. It is considered tqQ be the
principal pathway for radionuclide transport'in the subsurface should an
accidental breach of the repository occur. This study focuses on the
simulation of ground-water flow within the Culebra.

A finite-difference model based on the hydrogeologic data base as of
approximately November 1987 is used to calculate the undisturbed and
transient equivalent freshwater head distributions at the site. The
undisturbed heads represent the hydrologic conditions prior to the
construction of the shafts at the WIPP site in 1981. The transient heads
were generated from several hydrologic tests including two regional pump-
ing tests. The effects of the WIPP shafts upon the hydroleogic environment
are also bresented. This study is an update of the model presented by
Haug et al. (1987) and includes an extended model area and an expanded
data base.
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The conclusions derived from this study and their significance to the WIPP
project are presented in Section 6.0. The results are intended to'provide
additional information for the characterization of the WIPP site, and to
support the evaluation of the suitability of the site for disposal of

defense transuranic waste.

1.1 Objectives
The objectives of ﬁhis report are to:

(1) document the hydrogeologic data base for the Culebra at the WIPP
site. (inbluding Culébra elevations, transmissivities, storativi-
ties, forhationufluid densities, undisturbed equivalent freshwater
heads, and hydroldgic stresses during the period 1981-1987);

(2) continue the déveiopment of a conceptualization and modeling
~strategy for describing ground-water flow in the Culebra; and

(3) preseﬁt_;hé calibration approach and results for simulating ground-
water flow in the Culebra under undisturbed hydraulic conditions
and under transient conditions (1981 to 1987) resulting from shaft
activities and well tests (in particular, two long-term pumping
tests at H-3 and WIPP-13).

The spatial scale for the numerical model utilized in this study was -

chosen to allow a quantitative evaluation of the H-3 and WIPP-13
multipad pumping tests and to allow an assessment of ground-water flow
in the Culebra at the WIPP site in a region of interest for future
performance-assessment calculations and evaluations. As such, it
encompasses the WIPP site and its immediate surroundings. The WIPP-site
boundary (also referred to as the Zone-3 boundary) is defined approxi-
mately by a four-mile square as illustrated in Figure 1.1 and represents
the boundary to the accessible environment in the context of
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performance-assessment studies. The model is relatively detailed since

it includes the area containing the majority of the available monitoring

and testing wells in this region.

1.2 Other Modeling Studies of Ground-Water Flow in the Culebra Dolomite

Several modeling studies of ground-water flow at the WIPP site have been
conducted since 1978, with particular emphasis on the Permian Rustler
Formation. These studies are presented in:

0 Final Environmental Impact Statement (FEIS), U.S. DOE (1980) and
WIPP Safety Analysis Report, U.S. DOE (1981);

Cole and Bond (1980); |

D'Appolonia Consulting Engineers, Inc. (1980);

Barr et al. (1983);

Haug et al. (1987);

Niou and Pietz (1987);

Davies (1988).

o O O O O o

The approximate areal extent encompassed by these models is illustrated
in Figure 1.2.

The hydrogeologic data base at the WIPP site has been significantly
expanded in the period 1985-1987. Modeling studies before 1985
utilized a smaller data base for characterizing the Culebra. These
earlier studies, the interim modeling report by Haug et al. (1987)
which utilized the data base up to mid-1986, and the recent modeling
studies by Niou and Pietz (1987) and Davies (1988) are discussed
briefly below.

1.2.1 Modeling Studies Before 1985

The modeling studies pbesented' in the Final Environmental Impact
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Statement and the WIPP Safety Analysis Report (SAR) were conducted by
INTERA during the period 1977-1980. The objectives of these studies

were to:

(1) check the consistency between various sets of hydrogeologic
data;

(2) calculate the extent of vertical hydraulic communication between

various hydrologic units;

(3) delineate heterogeneities (i.e.,  spatial variation of
permeability) existing within each geologic formation;

(4) determine potentials and/or hydraulic conductivities in areas
where data are lacking; and

(5) determine boundary conditions for local scenario and nuclide-
transport modeling. '

The hydrologic data base of the above-mentioned studies was obtained
principally from Mercer and Orr (1977), which summarized data existing
through February 1977, and from a draft USGS report to Sandia National
Laboratories containing the results of well tests and permeability
estimates at the WIPP site. The hydrogeologic units included in the
modeling studies were the Rustler Formation- (modeled as a single
hydrologic unit), the shallow-dissolution zone along the Rustler-
Salado interface in Nash Draw (see Figure 1.2), the Delaware Mountain
Group, the Capitan Reef, the Salado Formation, and the Castile
Formation.

Cole and Bond (1980) conducted a benchmark check of the modeling
studies done by INTERA for the FEIS. The Cole and Bond study,
performed on behalf of the Office of Nuclear Waste Isolation (ONWI),
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utilized the same data and conceptual model for its assessments. The
numerical model they used, denoted VTT, is a two-dimensional
multilayer model which solves the Boussinesque equations for ground-
water flow and allows hydraulic communication between layers with an
interaquifer transfer coefficient. The results of their modeling
studies showed a very close correépondence to results obtained using
the INTERA model.

D'Appolonia Consulting Engineers, Inc. (1980) conducted modeling
studies of the WIPP site with the objectives of:

(1) verifying the basic calculational procedures implemented by
INTERA in the SAR for the analyses of breach and transport
events;

(2) evaluating the sensitivity of the results to basic hydrogeologic
and geochemical parameters and source-term inputs; and

(3) reviewing the data base used to define the input parameters.

In their studies, the Rustler Formation and the Bell Canyon aquifer
were modeled individually with separate model grids and simulations.
Overall, their results and conclusions were consistent with the
previously conducted studies.

The model developed by Barr et al. (1983) had the principal objectives
of:

1) simulating the freshwater potential surfaces for the Magenta and
Culebra dolomites; and

(2) estimating rates and extents of migration of ideally nonsorbing
contaminants injected continuously into the Culebra and Magenta
dolomites without disturbing the calculated head distribution.
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The model area was selected to include the majority of hydrologic
wells and most of Nash Draw., The Culebra.and Magenta dolomites were
modeled separately using an anisotropic two-dimensional model,
ISOQUAD.  The hydrogeologic data base consisted primarily of
Mercer (1983) and Gonzalez (1983 a,b). Travel times along selected
streamlines were presented. Results of this effort indicated slower
ground-water movement than ﬁresented in -previous reports.

1.2.2 1Interim Report by Haug et al. (1987)

In 1986, INTERA began new modeling studies of the Culebra dolomite
(Haug et al., 1987). The objectives included:

(1) evaluating the H-3 multipad pumping test conducted in late 1985
and early 1986; and

(2) simulating ground-water flow in the Culebra dolomite at the WIPP
site. This was meant to be a first step toward a regional model
capable of simulating ground-water flow and transport at the
WIPP site and its surroundings.

INTERA's efforts resulted in a single-layer model of the Culebra
dolomite with an area of 12.24 x 11.7 km. SWIFT II, a three-
dimensional finite-difference code with variable fluid density and
double-porosity formulation, was used in the study. The model was
calibrated to the best estimate of the undisturbed freshwater heads
(Figure 1.3) and the best estimate of the present-day formation-water
densities (Figure 1.4).

The hydrogeology in the Culebra dolomite was modeled in two steps:
(1) steady-state modeling of the best estimate of the undisturbed
nydraulic conditions, and (2) transient modeling of the hydrogeologic
conditions resulting from excavating three shafts at the center of the




WIPP site and conducting several hydraulic tests. The study developed
a Culebra ground-water flow model using the data base available as of
approximately mid-1986.  The transmissivities of the calibrated
steady-state model, the model-calculated freshwater heads, the
difference plot between calculated and observed freshwater heads, the
model-calculated formation-water densities, and the difference plot
between calculated and observed formation-water densities are shown in
Figures 1.5, 1.6, 1.7, 1.8, and 1.9, respectively. The tvansieht
simulations provided good comparisons between model-calculated and
observed freshwater-head histories using the transmissivity
‘distribution for the calibrated steady-state model.

Haug et al.(1987) developed the following main conclusions:

(1) The steady-state model can be calibrated against the best
estimate of the undisturbed heads.

(2)  The hydraulic system (heads and flow directions) in the Culebra
dolomite can be simulated as at steady-state considering a time
period of several years.

(3) The calibrated transmissivity distribution is characterized by a
large area of low transmissivities (less than 10‘6 m2/s) near
the center of the site (including wells H-1, H-2, WIPP-12,
WIPP-18, WIPP-19, WIPP-21, and WIPP-22, P-18, and H-5 and the
WIPP-shaft area).

(4) Calibration of the model requires a higher transmissivity zone
south of H-11/DOE-1.

(5) The calibrated model shows two main flow paths:
(a) from north to south along the western boundary, and

(b) across the WIPP site to the south-southeast
(WIPP-13 to H-1 to H-3 to DOE-1 to H-11 to south)
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(6) Calibration of the steady-state model against the best estimate
of the ground-water densities is difficult. Regions of 1low
salinity (1.0 to 1.02 g/cm3) exist hydraulically down-gradient
from regions of intermediate salinity (1.04 g/cm3). The ground-
water density distribution in the Culebfa dolomité is probably
not at steady state at present.

(7) The model-calculated ground-water density distribution is highly
sensitive to vertical flux into the Culebra.

(8) The shaft excavations and subsequent leakage of ground water
into the shafts caused significant hydraulic stress on the
Culebra dolomite since 1981.

(9) The transient simulations for hydraulic stresses at the shafts
and the H-2, H-3, and H-4 hydropads resulted in generally good
agreement between model-calculated and observed freshwater-head
histories.

(10) At the model scale, the implemented transient processes can be
adequately simulated using a éingle¥porosity approach
(equivalent porous medium).

1.2.3 Other Recent Modeling Studies

Niou and Pietz (1987) presented a modeling study of the H-3 multipad
pumping test using a two;dimensional ground-water inverse code known
as INVERT. The model uses a maximum-likelihood framework coupled with
a flow model based on finite-element techniques to calculate the
formation parameters (transmissivity and storativity) from the
observed transient responses in the observation wells. The objectives
of their investigation were (Niou and Pietz, 1987):
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(1) Characterize the Culebra dolomite to the extent the data permit

by assigning regionalized values of transmissivity and
storativity alqng with associated uncertainties;

(2) Compare model results with other modeling studies for the
purpose of corroboration; and

(3) Judge the suitébility of the approach for future work.

The model parameters were defined as constant over various subregions
with best estimates' determined as those that yield the best match
between observed and calculated drawdowns duriqg the H-3 multipad
pumping test. The model utilized the transmissivity data base
presented in Barr eﬂ al. (1983) to define the zoning patterns. The
model area was 12 x 12 km centered on the H-3 hydropad. '

The principal findings of this study may be summarized as follows
(Niou and Pietz, 1987):

(1) The results show a high-transmissivity zone or fracture zone
running from H;3 to DOE-1 and H-11, another high-transmissivity
or fracture zone running'south from H-3 to P-17, which may be an
extension of ' the DOE-1/H-11 =zone, and a zone of high
transmissivity around the shafts that includes WIPP-21 to the
north. The assignment of the latter zone is less certain
because of the atypical recovery curves for WIPP—Ef and WIPP-22.

(2) The transmissivity ranges calculated by INVERT generally agree
with the modeling study by Haug et al. (1987) using SWIFT II,
with the exception of the area between H-3 and the Waste
Handling Shaft, where INVERT postulated a high-transmissivity
zone on the basis of the responses at WIPP-21 and WIPP-22.

(3) Major difficulties in the utility of the inverse model were the

lack of reliable estimates of the uncertainties in the prior
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determinations (e.g., transmissivities) and the inability to
assign uncertainties to the observed water-level data because of
the complex prepumping trends.

Davies (1988) is preparing a report that will include modeling results
for a region that is approximately 36 x 46 km around the WIPP site.
The topies included are a driving-force analysis to evaluate the
impbrtance of variable fluid densities on flow directions and
simulations of long-term brine-transport patterns. Analyses were also
performed to determine the sensitivity of the calculated steady-state
heads to the model boundary conditions, model dispersivity, steady-
state variable density assumptions, and vertical flux. For the
central part of his modeled region, he utilized an approximation of
the calibrated transmissivity distribution presented in Haug et al.
(1987). The conclusions of the modeling investigations are:

(1) The driving-force analysis and simulations indicate that a
region with significant density-related effects on flow
direction is present just south of the WIPP-site boundary.

(2) Most of the modeled region is insensitive to boundary conditions
along the north and east.

(3) Flow velocities are high in Nash Draw, are very low east of
WIPP, and are highly variable in the intermediate zone.

(4)  Vertical flux is a possible source of fluid for the Culebra.
The sensitivity of the calculated steady-state heads to vertical
flux is higher in the eastern part of the model area than in the
western.
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1.3 Present Approach to Modeling of Ground-Water Flow in the Culebra
Dolomite

The modeling studies presented in this report are a continuation of the
work reported in Haug et al. (1987). However, the model area has been
considerably enlarged in order'to ailow simulation of ground-water flow
on a more regional scale and to evaluate the long-term pumping test at
WIPP-13 (referred to as the northern multipad pumping test).

The enlarged model area 1is illustrated in Figure 1.2. The model
boundaries were chosen at distances sufficiently far frdﬁ both the H-3
hydropad and the WIPP-13 borehole so as not to be within the region
affected by the pumping at both locations.

The modeling methodology consisted of the following steps:

(1) developing and docﬁmenting the ﬁydrogeologic data base (i.e.,
Culebra thicknesses, elevations, transmissivities, storativities,
equivalent freshwater heads, fluid densities, and hydrologic
impacts of the shafts and hydraulic-testing activities);

(2) employing geostatistical techniques (e.g., kriging) to analyze and
reconcile the field data as well as to support the implementation
and calibration of the model;

(3) simulating steady-state flow under undisturbed hydrologic condi-
tions (i.e., before excavation of the first shaft). Starting with
the initial parameter distribution obtained by kriging techniques,
the model is calibrated such that the difference between the
calculated freshwater heads and the best estimate of the observed
freshwater heads is less than the uncertainty associated with the
observed values; and
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(4) simulating the transient résponse in the Culebra dolomite, during
the period 1981 to 1987, resulting from the excavation and sealing
activities of .the WIPP shafts and the major hydraulic and tracer-
testing activities of the regional hydrologic characterization
program. The transient model utilizes the pressures and brine
concentfations of the calibrated steady-state model as initial
conditions. . The calculated transient freshwater heads are
compared tb the observed transient freshwater heads for selected
boreholes. '

This study is a second interim step towards a comprehensive modeling
study characterizing the regional hydrogeology of the Culebra dolomite
of the Rustler Formation at the WIPP site. The next step will incor-
porate the results of the transient effects due to the pumping during a
tracer test at the H-11 hydropad and the transient effects due to the
construction of the fourth shaft at the WIPP site. Improvement of the
agreement between the observed and the calculated-transient freshwater
heads by additional calibration efforts is also planned. In addition,
adjoint-sensitivity techniques will provide quantitati?e estimates of
sensitivities of the model results to the spatial distribution of the
model parameters and the boundary conditions. The final report is
planned to be issued in early 1989. _

HO9700R554 1-12




2.0 SITE CHARACTERIZATICN
2.1 General

The WIPP site lies within the geologic region known as the Delaware
Basin and specifically within the geographic region known as
Los Medanos. Both the Delaware Basin and Los Medanos region occur
within the southern section of the Pecos River portion of the Great
Plains Physiographic Province. Los Medafios is a region of gently
sloping terrain which rises eastward from the Pecos River to the western
caprock of the Llano Estacado, located approximately 40 km to the north-
east of the WIPP site (Mercer, 1983).

2.2 Stratigraphy

The following stratigraphic summary is limited to a discussion of those
sedimentary units which crop out in and around the WIPP site. These
formations range in age from Permian to Quaternary as shown in the
geologic column illustrated in Figure 2.1. The Delaware Mountain Group
represents the Permian Guadalupian Series and is composed of a sequence
of fine-grained clastic rocks. In the WIPP area, the Delaware Mountain
Group consists of the Brushy Canyon, Cherry Canyon, and Bell Canyon
Formations. The Bell Canyon consists of interbedded sandstone and shale
which represent the fore-reef facies of a massive Permian reef known as
the Capitan Limestone. The Ochoan Series rocks overlie the Guadalupian
Series and contain a thick evaporitic sequence )which accumulated in the
Delaware Basin during 'Permién time. The Castile Formation is the basal
formation of the Ochoan Series and is composed principally of anhydrite
and halite with some carbonates and sandstones. Overlying the Castile
is the Salado Formation, which is composed of thick beds of halite
interbedded with anhydrite, polyhalite, dolomite, and clay. More
complete descriptions of the Salado Formation are found in Jones (1973,
1975). Overlying the Salado Formation is the Rustler Formation, which

is the most water-transmissive formation in the area (Mercer, 1983).
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The Rustler Formation has been divided into five separate members based
upon lithology (Vine, 1963). They are in ascending order: (1) the
unnamed lower member composed of massive siltstone overlain by beds of
halite, siltstone, and anhydrite; (2) the Culebra Dolomite Member; (3)
the Tamarisk Member composed of two zones of massive to bedded anhydrite
separated by a thick sequence of halite and siltstones; (4) the Magenta
Dolomite Member; and (5) the Forty-niner -Member composed of two thick
anhydrite zones separated by a silty-halite unit, as in the Tamarisk.
The Rustler Formation 1lithology presented above represents the
lithological succession encountered in borehole P-18 which Snyder (1985)
believes to be a complete unaltered section. The Rustler 1lithology
varies across the model area. Further discussion of this variability is
contained in Section 2.4. The Rustler Formation is conformably overlain
by the Upper Permian Dewey Lake Red Beds, a series of interbedded silt-
stones and sandstones. These beds have prevalent vertical fractures
which are generally gybsum filled.

In the eastern portion of the WIPP site, the Dewey Lake Red Beds are
unconformably overlain by a Triassic clastic sequence deposited in a
transitional depositional complex of fluvial, deltaic, and lacustrine
environments. These units are collectively referred to as the Dockum

Group.

Overlying the Dockum Group, where present, and the Dewey Lake Red Beds
in the WIPP site area is a sequence of poorly sorted continental
deposits of Quarternary Age. ~These are, in ascending order, the Gatufda
Formation, the Mescalero caliche, and recent alluvium and other
surficial deposits. The Gatufia Formation consists of a sequence of pale
reddish-brown terrestrial sandstones and conglomerates which were laid
down after a maximum cycle of er'osioh within the Pecos River Valley
during a much more humid pluvial time (Bachman, 1980). Izette and
Wilcox (1982) dated an ash bed in the upper portion of the Gatuda as
middle Pleistocene (600,000 years before present (B.P.)) by mineralogy

and fission-track dating.
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Overlying the Gatuna Formation is the Mescalero caliche which is a

pedogenic caliche formed in the C horizon of a paleosoil during a
tectonically and climatically stable period following the deposition of
the Gatufia Formation (Bachman, 1980). The Mescalero caliche has been
dated as being Pleistocene (510,000-410,000 years B.P.) through uranium-
series disequilibrium techniques (Bachman, 1980). Overlying the caliche
is a series of Holocene surficial deposits which consist of sheetlike
deposits of surface sand, sand soil, and sand dunes.

2.3 Regional Hydrogeology

In this report, the discﬁssion of the regional hydrogeology will be
limited to the Rustler Formation and the uppermost Salado Formation.
The hydrogeology of the individual hydrostratigraphic units will be
discusséd in ascending order from the Rustler-Salado contact.

The Rustler-Salado contact residuum is transmissive in some areas around
the WIPP site (Mercer, 1983). 1In Nash Draw and areas immediately west
of the WIPP site, the contact exists as a dissolution residue capable of
transmitting water. Robinson and Lang (1938) referred to this residuum
making .up the contact as the "brine aquifer". As one moves eastward
from Nash Draw toward the Livingston Ridge surface, dissolution in the
uppermost Salado, at the Rustler-Salado contact, and within the unnamed
lower member of the Rustler Formation decreases and the transmissivity
of this interval decreases. Transmissivities for the Rustler-Salado
residuum range from 2 X 10710 to 9 x 10”6 m?/s in Nash Draw and from
3% 10’11 to 5x 10'8 mz/s' eastward from Livingston Ridge (Mercer,
1983). At well DOE-2, Beauheim (1986) attempted a slug test on the
unnamed member and the Rustler-Salado contact and found that the
permeability in this interval was too low to be tested effectively. In
the waste-handling shaft,l no water -inflows from this interval were
observed during excavation and shaft mapping (Holt and Powers, 1984).
At H-16, Beauheim (1987b) performed drill-stem tests of a 34-m interval
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including the unnamed-lower-member siltstone and the Rustler-Salado
contact, and reported the transmissivity of this interval to be about
3 x 10~10 ml/s.

The Culebra dolomite is considered to be the most transmissive
hydrogeologic unit in .the WIPP-site area. Mercer (1983) describes
ground-water flow within the Culebra as being southerly in Nash Draw and
south to southwesterly beneath the Livingston Ridge surface. Reported
values for transmissivity in the Culebra in the Nash Draw area range
from 2 x 107 to 1 x 1073 m2/s (Mercer, 1983). Within the model area,
the transmissivities range from 1 x 10™9 to 1 x 1073 m2/s. Hydraulic
gradients in the Culebra at the WIPP site generally range from
1x 103 m/m to 4 x 1073 m/m (Mercer, 1983). As a general trend, total
dissolved solids in Culebra ground waters increase from west to east
across the WIPP site and the model area.

The Tamarisk Member of the Rustler separates the Culebra dolomite from
the Magenta, and is composed of a thick sequence of halite and silt-
stones sandwiched between an upper and iower‘ anhydrite. The Tamarisk
claystone sequence has, been tested at wells H-14 and H-16 (Beauheim,
1987b) and at DOE-2 (Beauheim, 1986). In all cases the hydraulic
testing failed due to the extremely low permeability of the unit.
Mercer (1983) reported that in a few cases argillaceous zones within thé
Tamarisk Member have produced water at equivalent rates to the Magenta
upon testing.

Ground water in the Magenta dolomite generally flows from the north
toward the westsouthwest (Mercer, 1983). In most areas east of Nash
Draw, and east and south of the H-6 hydropad, the Magenta exists as a
confined system with very low transmissivity (less than or equal to
4 x 1077 m?/s). The difference between Magenta and Culebra hydraulic
potentials generally increases eastward, with the Magenta having higher
potentials. 1In areas of Nash Draw, the Magenta is generally at water-
table conditions and may have a stronger hydraulic connection to other
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units in the Rustler :Formation. In other parts of Nash Draw, the
Magenta 1is unsaturated. Magenta transmissivities range as high as
4x 107 to 6 x 107% n2/s immediately east of Nash Draw.

The uppermost member of the Rustler Formation, the Forty-niner Member,
has claystones which are generally more transmissive than those in the
Tamarisk Member. At well H-14, Beauheim (1987b) performed drill-stem
tests upon the Forty-niner and determined that transmissivities were
approximately an ordervof magnitude higher than in the Magenta at H-14.
The average value of transmissivity calculated for the Forty-niner was
6 x 1078 ml/s as opposed to 6 x 109 m%/s for the Magenta. Beauheim
(1986) also tested the Forty-niner claystone in well DOE-2. Here again
he calculated slightly higher transmissivities for the Forty-niner
claystone than for the Magenta. The average of the two transmissivities
of the Forty-niner reported by Beauheim (1986) for DOE-2 is 7.3 x 1079
m2/s. Drill-stem tests of the Forty-niner claystone at H-16 provided a
transmissivity estimate of about 6 x 10'9 mz/s, Jower than that of the
Magenta at H-16 (Beauheim, 1987b).

Although the Rustler-Salado residuum, the Culebra Dolomite Member, and
the Magenta Dolomite Member are generally found to be the primary trans-
missive units within the Rustler, zones of relatively high transmissiv-
ity have been tested locally in the Rustler Formation outside of these
horizons. In a few cases, discrete argillaceous zones within the Forty-
niner Member and the Tamarisk Member have produced water at equivalent
rates to the Culebra or the Magenta upon testing (Mercer and Orr, 1979;
Beauheim, 1986).

2.4 Regional Dissolution in the Rustler Formation

Post-depositional dissolution within the Rustler Formation is observed
both at the surface within Nash Draw, and in the subsurface at the WIPP
site (Bachman, 1987). Nash Draw, located immediately west of the WIPP
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site, is a depression resulting from both dissolution and erosion. In

Nash Draw, members of the Rustler are actively undergoing dissolution
and locally contain caves, sinks, and tunnels typical of Karst
morphology in evaporitic terrane. Lowenstein (1987) found evidence for
significant post-depositional, late-stage dissolution of the Rustler at
the WIPP site based on a detailed sedimentologic and petrologic core
study. '

Bachman (1980) identified three types of dissolution ocecurring in the
Delaware Basin: local dissolution, regional dissolution, and deep-
seated dissolution. Of these, regional dissolution is the type which
has the most potenfial to dictate or alter the flow characteristics of
the Rustler Formation underlying the WIPP site. Regional dissolution
occurs wnen chemically unsaturated water penetrétes to permeable beds,
where it migrates laterally, dissolving the soluble units it contacts.
.On a regional scale, the consequence of such dissolution appears to be
removal of highly soluble rock types, such as halite, combined with
displacement and fracturing of overlying rocks.

Snyder (1985) found evidence for the presence of an eastward-migrating
dissolution front within the Rustler Formation at the WIPP site. 1In his
study, Snyder (1985) concluded that the regional dissolution was
greatest in the west and decreased eastward evidenced by an inbrease in
the number and thickness of halite beds and a corresponding thickening
of the Rustler Formation (Figure 2.2). The stratigraphic level of the
uppermost occurrence of salt is in the upper Rustler along the eastern
margin of the WIPP site. As one moves wesfward toward Nash Draw, the
uppermost salt is found in progressively deeper horizons of the Rustler.
This implies that, as a general trend, the eastward advancement of the
dissolution front is greatest in the upper Rustler and decreases as one
gets nearer to the Rustler-Salado contact. As the halite units are
dissolved, insoluble residues remain, fbrming beds of mudstones,

siltstones, and chaotic breccia with a clay matrix. As can be seen in a
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cross section taken between wells P-6, H-3, DOE-1, and P-18,
(Figure 2.3), halite beds tend to thin and grade into residuum westward
towards Nash Draw.

Although most investigators agree with the interpretation that a
dissolution 2zone exists in the Rustler Formation at the WIPP site
(Cooper and Glanzman, 1971; Powers et al., 1978; Mercer, 1983;
Chaturvedi and Rehfeldt, 1984; Bachman, 1985; and Snyder, 1985), other
investigators oppose this concept and believe that the westward decrease
of halite within the Rustler simply represents depositional 1limits
(Powers and Holt, 1984; and Holt and Powers, 1984). From detailed
mapping of the Rustler in the waste-handling shaft, Holt and Powers
(1984) reported no post-depositional dissolution features. Recently,
Lowenstein (1987) conducted a detailed core analysis on core from wells
DOE-2, WIPP-19, H-11, and H-12. The aim of the study was to distinguish
- between syndepositional féatuﬁes and post-depositional alteration
features within the Rustler. Lowenstein (1987) could correlate
structures, both syndepositionél and post-depositional, over the study
area and concluded that facies changes were not responsible for the
westward decrease in halite within the Rustler in the study area.
Lowenstein (1987) found evidence of late-stage alteration involving
physical processes such as brecciation, slumping, frécturing, and
faulting, as well as chemical processes such as rehydration of annydrite
to gypsum, precipitation of gypsum, and dissolution of halite,
anhydrite, and gypsum. Thus, the study of Lowenstein supports the
theory of a post~deposi£ional dissolution of salt in the Rustler.

Based upon observations of outcrops, core, and detailed shaft mapping,
the Culebra can be characterized, at least locally, as a fractured
medium at the WIPP site (Chaturvedi and Rehfeldt, 1984; Holt and Powers,
1984). As the amount of fracturing and development of secondary
porosity increases, the Culebra transmissivity generally increases
(Chaturvedi and Channell, 1985). The fracturing and development of
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secondary porosity is thought to be a product of late-stage alteration
and dissolution of the Rustler Formation. In general, as the amount of
the halite present in the Rustler decreéses, the transmissivity of the
dolomitic members increases as a result of halite removal and subsequent
foundering and collapse of the more competent dolomitic members.

While it is commonly accepted that regional dissolution has been an
active process within the Rustler in the past, there is some controversy
over whether this dissolution front is still active. Within the last
1.8 million years (Pleistocene), the climate in southeastern New Mexico
hés varied between periods of cold, moist continental glaciation to
relatively warm and arid periods (Bachman, 1987). In Middle Pleistocene
time, approximately 500,000 years B.P., southeastern New Mexico received
precipitation which well exceeded the evapotranspiration. This period
was followed by several hundred thousand years of a drier climate. In
late Pleistocene time (approximately 75,000 to 10,000 years B.P.)
rainfall was more prevalent than today and tempefatures were lower
(Bachman, 1987). Bachman (1987) believes that most of the dissolution
in the Rustler bredates, or 6ccurred during, Middle Pleistocene (Gatuna)
time. -However, he suggests that dissolution is ongoing in Nash Draw and
areas very close to Livingston Ridge. Through the interpretation of
radiocarbon data (Lambert, 1987) and stable isotopes (Lambert and
Harvey, 1987), Lambert has suggested that recharge and subsequent
dissolution of the Rustler ended after the more pluvial Late Pleistocene
(10,000 to 20,000 years B.P.).

2.5 Implications of Rustler Ground-Water Isotopic Studies

Ground waters within the Rustler have been evaluated based upon stable
isotopes, uranium isotopes, and radiocarbon (Lambert and Harvey, 1987;
Chapman, 1986; Lambert and Carter, 1987; and Lambert, 1987). There has
been debate over whether or not the'Rustler, more specificaily here the
Culebra, is presently receiving significant recharge from meteoric
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waters and if so, where the waters recharge and discharge. This section
will give a brief summary of the four isotopic studies (cited above) in
the context of their implications for a regional model of the Culebra
dolomite. This summary is not meant to be a critique and therefore does
not. address the inherent assumptions or validity of these studies.

80 of waters from the Rustler

Lambert and Harvey (1987) used 6D and &
-and modern sources to determine if the Rustler ground water infiltrated
under similar climatological conditions as are present today in
Southeastern New Mexico. Figure 2.4 plots stable-isotope compositions
for the Culebra and modern waters in 60/6180 space (Lambert and Harvey,
1987). 1In this diagram one can see that the modern surface waters and
the majority of Culebra ground waters fall into two distinct and
separate groups which lie within the meteoric field as it is defined by
Epstein et al. (1965; 1970) and Craig (1961). The two outliers,
Surprise Spring and WIPP-29, are thought to be contaminated from nearby
potash-refining operations. Lambert and Harvey (1987) concluded that,
because modern surface waters and Culebra ground waters are distinct and
apparently not overlapping in 6D/G180 space, the Rustler 1is not
currently receiving significant modern recharge. They believe that the
Rustler hydraulic system is currently in a transient state with

discharge exceeding recharge.

Chapman (1986) interpreted stable-isotope data from the Rustler, the
Roswell Basin, Carlsbad Caverns, the Ogallala, the Dewey Lake Red Beds,
the Santa Rosa Sandstone, and the Capitan Limestone. Chapman (1986)
concluded that waters in these formations in southeastern New Mexico
were isotopically similar and that all were representative of recharge
occurring under climatic conditions similar to those existing ﬁoday.
Contrary to Lambert and Harvey (1987), the study concludes that the
Culebra does not contain "fossil water" and that the Culebra may be
receiving present-day recharge. Chapman also states that the hydraulics
of the Rustler cannot be determined based upon the interpretation of
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stable isotopes alone and that many physical questions concerning
physical hydrogeology of the Rustler must be answered before the problem
of recharge can be defendably solved.

Lambert and Carter (1987) studied uranium-isotope systematics in ground
waters from the Rustler Formation in the Northern Delaware Basin. They
utilized uranium concentrations and 23*u/238y activity ratios to try to
determine residence times, isolation times, and travel times for waters
within the Rustler aquifers. - Lambert and Carter (1987) observed an
increase in total carbon from east to west and a decrease in activity
ratio from east to west. According to theory, high activity ratios
evolve downgradient from areas of recharge. Lambert and Carter (1987)
concluded that, in the last 30,000 years, the Culebra was not at steady-
state conditions, neither hydraulically or geochemically, and that there
were three general flow directions within the Culebra. The first flow
direction was eastward and represented a recharge event from the west at
least 10,000 to 30,000 years B.P. accounting for the eastward increase
in activity ratio. The second flow direction was westward after the
cessation of rechar*g‘e and accounts for the present total-uranium
systematics. The third flow direction is the present southward trend
which is aséumed to be recent and of short enough duration to not have
altered the uranium systematics.

Lambert (1987) also studied the feasibility of the use of wC and other
nuclides for their potential in geochronologic applications for ground
waters in the Rustler Formation in southeastern New Mexico. From the

36(21 ob significant concentrations of 3H were

samples taken, no
measured. He determined that the majority of the samples taken were
contaminated with respect to e by multiple sources (e.g., drilling
fluid). For the wells which appeared to be least contaminated, percent
modern carbon and §'3C were used with the model of Evans et al. (1979)
to calculate '"c ages. The results were 16,100 years B.P. for H-lb,

12,100 years B.P. for H-6c, 14,900 years B.P. for H-9b, and 14,000 years
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B.P. for Pocket Well. Because the conditions necessary for reliable age
dating may not be s'atisr‘ied for the available water samples, Lambert
(1987) proposes to interpret these ages as minimum isolation times and
considers this further evidence that the Rustler is not currently
receiving significant recharge at the WIPP site.

2=11.72-12
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3.0 MODEL CONCEPTUALIZATION

Srul General Approach

For more than ten years, numerous field investigations at the WIPP site
have focused on the Rustler Formation in general and the Culebra
Dolomite Member in particular. The existing data for the Culebra
include measurements-of transmissivities, storativities, formation-fluid
densities, depths to water, and pressures from the observation-well
network. Construction activities at the WIPP site, such as the
excavation of the shafts at the center of the site, have also provided
hydrogeologic data. The majority of the hydrogeologic data are
published in the following report series:

1) basic data reports (borehole-specific reports, e.g., Sandia
National Laboratories and University of New Mexico, 1981);

2] hydrologic data reports (Hydro Geo Chem, 1985; INTERA and Hydro
Geo Chem, 1985; INTERA, 1986; Saulnier et al., 1987; Stensrud et
al., 1987 and 1988); '

3) hydrogeologic interpretive reports (e.g., Mercer, 1983; Beauheim,
1986, 1987a,b,c; Saulnier, 1987); and |

L) water-quality data and geochemical interpretive reports (e.g.,
Mercer, 1983; Uhland et al., 1987; Robinson, 1987).

The data base used for this modeling study and a complete listing of
data sources are presented in Appendices A through G. The appendices
include separate data bases for transmissivity, storativity, formation-
fluid density, borehole locations, ground-surface and Culebra
elevations, and freshwater heads. Each appendix hnhas undergone
significant internal review and is considered to represent the most

current information about the site.
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The data base was used in conjunction with geostatistical methods to

assign the initial hydrogeologic parameters to each grid block in the
model. These methods were also applied to the undisturbed freshwater
heads' to obtain the initial boundary conditions for the model.
Calibration procedures also utilized geostatistical methods to update
the spatial distribution of hydrdgeologic parameters in order to reduce
the difference between calculated and observed heads.

The following sections begin with a brief description of the computer
code (SWIFT II) used in this modeiing study. More detailed discussions
of the data evaluation and analysis follow.' A description of the basic
model properties (e.g., boundaries, discretization, physical parameters,
boundary conditions; etc.) is also included.

3.2 SWIFT II Code Description

The Sandia Waste-Isolation Flow and Transport code, SWIFT II, is a fully
transient, three-dimensional, finite-difference code which solves the
coupled equations for flow and transport in geologic media. The
processes considered are:

- fluid flow
= heat transport
- dominant-species miscible displacement

- trace-species miscible displacement

Dominant-species miséible 'displacement refers to brine migration,
whereas trace-species miscible displacement applies to the transport of
solutes at concentrations not significantly affecting the fluid-flow
parameters. This may include radionuclide-chain transport. The first
three processes are coupled via porosity, fluid density, visoosity and
enthalpy. Together they provide the velocity field on which the fourth
process depends.
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The SWIFT II code is designed to simulate flow and transport processes
in both single- and double-porosity media. For fractured regions of a
system to which dual porosity is to be applied, two sets of equations
are solved, one for the fracture processes and the other for the
matrix. The fracture-porosity equations describing flow and transport
for thé fractured regions are identical to the single-porosity equations
for the nonfractured zone; except for sink terms giving the losses to
the matrix. These equaﬁions are denoted as global equations. The
equations describing the matrix processes, referred to as the local
equations, differ somewhat from their global counterparts because they
are one-dimensional.

| .
SWIFT II provides a steady-state solution for fluid flow and brine
migration. Because the matrix processes are assumed to be negligible at
steady state, the state equations for the matrix porosity are not

- solved.

At high-level nuclear-waste repositories, heat transport is basically a
transient process. Therefore, SWIFT II does not feature a steady-state
solution for heat transport. However, the code will permit the
transient solution of radionuclide transport (with or without dual
porosity) in conjunction with the steady-state solution of fluid flow
and brine migration. Although the model was originally developed for
applications related to radionuclide transport, the algorithms used can
handle the transport of any trace species undergoing sorption or first-
order losses. '

A comprehensive description of the theory and implementation of SWIFT II
is presented in Reeves et al. (1986a). Two other documents related to
the SWIFT II code have been published, namely a data input guide
(Reeves et al., 1986b), and the verification-validation tests
(Ward et al., 1984). The steady-state and transient simulations
presented ih this study will employ the steady-state and transient flow
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equations with variable fluid density. Brine transport will not be
calculated during the steady-state or transient simulations because the
fluid densities will be fixed over space. The "time constant" to
achieve steady-state conditions for fluid densities in the WIPP area is
considered longer (several .1,000 years) than the time constant for flow
(several years). Theret‘or-é, fixing the fluid densities will ‘maintain
the densities obser:*-ved today and incorporate the density effects in the
calculation of formation pressures and flow directions.

The double-porosity equations contained in SWIFT II will not be used in
the steady-state or transient runs. Haug et al. (1987) demonstrated

that double-porosity effects were negligible on the scale of the model.

3.3 Model Description

3.3.17 Model Area

The - model - area used in this study is shown in Figure 3.1. It
encompasses an area extending 24 km in the east-west and 25 km in the
north-south directions. The locations of the boundaries of the model
were chosen to maximizé the ability to determine appropriate boundary
conditions and minimize the effect the boundaries may have on the
-transient modeling results for the H-3 and WIPP-13 multipad pumping
tests.: The western boundary lies within Nash Draw, which is assumed
to be' a major conduit for ground-water flow toward the south. The
other boundaries of the model do not coincide with physical hydr"ologic
boundaries. However, the uncertainty of the boundary conditions is
minimized by utilizing hydrologic information from far-field wells
(e.g., H-Tb, H-10b, H-12, WIPP-26, WIPP-27, WIPP-28, and USGS-1).

3.3.2 Model-Grid Description

The finite-difference grid used in this modeling study (Figure 3.2)
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was selected to facilitate the successful reproduction of both steady-
state and transient heads by reducing the numerical problems
associated with coarse gridding. The horizontal dimensions of the
grid are listed in Table 3.1 along with the UTM coordinates of the
corner points of the grid. The grid consists of 26 x 44 x 1 (x,y,z)
grid blocks and has a much finer grid occurring in the central portion
of the model in the vicinity of H-3, the shafts, and WIPP-13. The
general "rule of thumb" used in developing the grid included not
increasing adjacent grid-block sizes by more than a factor of two.
This is to provide adequate resolution and numerical stability fob
transient flow modeling.

The vertical dimension of the finite-difference grid is taken from the
thickness of the Culebra dolomite in the WIPP area. Several reports
have documented the Culebra thicknesses observed in the WIPP-area
boreholes (Jones, 1978; Sandia Laboratories and U.S. Geological
Survey, 1979a,b,c,d,e,f, 1980a,b,c,d,e; Sandia National Laboratories,
1982; Sandia National Laboratories and D'Appolonia Consulting
Engineers, 1982a,b,c, 1983a,b,c; Sandia National Laboratories and
U.S. Geological Survey, 1980, 198t1a,b, 1982, 1983a,b; Sandia National
Laboratories and University of New Mexico, 1981; Mercer et al.,
1987). The resulting thickness distribution is illustrated in Figure
3.3 and presented in Appendix B. A mean thickness of 7.7 m is assumed
to be adequate for the vertical model dimension in this study and is
therefore used for each grid block.

The elevation of the Culébra dolomite has been documented in the
reports referenced above on the WIPP-area boreholes.  Appendix B
contains the ground-surface elevations and the depths ¢to the
Culebra. Based on that, the Culebra elevations at the Dborehole
locatiohs in the WIPP area were calculated. The elevations of the
center of the Culebra range from 704.6 m above mean sea level (amsl)
at H-10 to 900.5 m amsl at WIPP-26.
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The Culebra-center elevations were estimated at each of the grid-block

centers using AKRIP (Kafritsas and Bras, 1981), the MIT generalized
kriging program (Figure 3.4). The kriged surface is consistent with
the observed elevation data containing higher elevations in the
western part of the model area and lower elevations in the east and
southeast. Gener'allj, the Culebra dips slightly to the southeast.
However, the dip increases locally within sections of the model area
(e.g., the northeast corner of the model area).

3.4 Physical Model Constants

SWIFT II requires the specification of a number of fluid and rock
property constants that are used mainly in transient calculations.
One of these parameters is the porosity of the rock. Matrix-porosity
data of the Culebra dolomite were obtained from labof-atory analyses on
cores taken from several boreholes in the WIPP area (Core
Laboratories, 1986). The resulting porosities range from 7 to 30%. A
value of 16% was chosen as representative for the model area.

Other parameter constants ‘that require specification include fluid
viscosity, fluid and rock compressibilities, fluid thermal expansion,
fluid and rock heat capacities, freshwater density, and brine fluid
density. Table 3.2 1lists the values assigned to each of these
constants- in this modeling study and the pertinent references from
which these parameters were taken. A detailed justification for the
selection of these values is presented in Haug et al. (1987).
However, note that since iéothermal conditions are assumed to exist ih

the modeled region, the specification of some of the above parameters
(e.g., thermal expansion and heat capacity) is a mere formality as a
model-input data requirement and has no impact on the model results.
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3.5 Transmissivity of the Culebra Dolomite

3.5.1 Data Base

The transmissivity data-base for the Culebra dolomite (Appendix C) is
derived from numerous hydraulic tests performed at the WIPP site.
Values have been obtained from drill-stem tests (DST's), slug tests,
and local and regional-scale pumping or interference tests.
Transmissivity values interpreted from these tests extend over a range
of six orders of magnitude. Relative-frequency histograms were
plotted in order to illustrate the range of values determined for each
type of test (Figure 3.5). These histograms contain mean values for a
given test type at a pérticular borehole. For example, if a borehole
had ten pumping-test and two slug-test values in the data base, the
pumping-test values are averaged to determine the mean pumping-test
value for that well, and the two slug-test values are averaged to
determine a mean slug-test value. The resulting numbers are then used
in the respective histograms.

The histograms illustrate a range of six orders of magnitude for
transmissivity values determined from pumping tests and a range of
four orders of magnitude for those determined by regional interference
tests. In both cases, the geometric mean of the distribution occurs
between 1 x 1072 m2/s (log transmissivity of -5) and 1 x 10°6 m?/s
(log transmissivity of -6).

Transmissivity values determined from slug tests also range over
several orders of magnitude. However, most of the values occur
between 1 x 1070 m2/s (log transmissivity of -6) and 1 x 1077 mé/s
(log transmissivity of -7). The DST distribution is very similar to
the slug-test distribution with the 1largest number of 1log
transmissivity values falling in the -6 to -7 log |n2/S interval.
Thus, the mean log transmissivity values for these two distributions
lie between -6 and -7 log mz/s.
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The large differences in the above transmissivity distributions result
from the heterogeneous nature of the Culebra dolomite. This results
in a wide range of possible transmissivity values present over the
WIPP site. The area east of the WIPP site has, in general, lower
permeabilities than regions west of the site.

The large differences in the transmissivity distributions also reflect
the volume of rock stressed during a hydrogeologic test which is both
test and site specific. For example, while at one location the
permeability -may facilitate different types of tests, the volume of
rock actually hydraulically stressed in one test (e.g., slug) could be
much smaller than the volume of rock stressed in another test (e.g.,
pumping) . This difference in volume stressed may result in inter-
preted transmissivities that are representative of different spatial
scales of the Culebra around the borehole. Therefore, the
transmissivity data base has been evaluated in an'attempt to determine
representative values at a scale of tens of meters.

Appendix C describes the rationale used to assign transmissivity
values at each borehole in the modeling study. The resulting
transmissivity distribution is illustrated in Figure 3.6 and listed in
Table 3.3. The distribution has the same general characteristics of
the slug—test. DST, and pumping-test distributions. The large number
of slug-test and DST values occurring between -6 and -7 log m@/s
generates the values on the lower end of the distribution and the
pumping-test values_ are represented mostly at the high end. The
regional interference values were not used in detebmining
representative values at the boreholes, but were considered during
model calibration.

3.5.2 Uncertainty of the Transmissivity Data

In order - to evaluate the uncertainty associated with the
transmissivity data, the variances and the standard deviations (o¢) of
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the transmissivity values at the hydropads or well locations were
calculated (Appendix C, Table C.2). As discussed in Appendix C, a
minimum standard deviation ¢ = 0.25 log mz/s was assumed for pumping-
test results. For the results of other hydraulic-testing data such as
DST's or slhg tests, a standard deviation o = 0.5 1log me/s was
considered to be appropriate. Most hydropads br wells, where
sufficient data are available to calculate reliable -standard
deviations, have values similar or higher than the assumed minimum
standard deviations (e.g., at hydropads H-1, H-3, and H-5).

If one assumes that the hydraulic tests have tested a representative
rock volume and that the measurement error is normmally distributed,
the standard deviations can be interpreted as uncertainty associated
with the ‘transmissivity data. In such a case, the mean
transmissivity + 20 correspond to a 95% confidence interval. Thus,
the assumed minimum uncertainty of the pumping-test results ié half an
order of magnitude (20 = 0.5 log m/s), and for the other hydraulic
tests it is one order of magnitude (2¢ = 1.0 log mz/s). The empirical
uncertainties from the hydropads, where reliable standard deviations
could be calculated, generally fall in between these two assumed
values (e.g., at hydropad H-3, 20 = 0.76 log me/s). These
uncertainties were used as input to the kriging code K603 in the
estimation of the transmissivity distribution of the model area
(Section 3.5.3.1).

3.5.3 Estimation of Transmissivity Over the Model Region

Two geostatistical approaches were used in the estimation of the
tr'anSmissivity field over the model region. This was done in order to
determine the. method which provided the more representative spatial
distribution of the tbansmissivity values. Theoretically, both codes
preserve the observed transmissivity data at the WIPP-area
boreholes. A modified version of the USGS universal kriging code,
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K603 (Skrivan and Karlinger, 1981), and the MIT generalized kriging
code, AKRIP (Kafritsas and Bras, 1981), were the two codes used in
this exercise. Both have specific advantages and disadvantages.
Universal kriging requires the determination of a semi-variogram which
provides the wuser with geostatistical parameters such as the
correlation length (range) and sill. The uncertainty of the observed
data may also be incorporated into the universal kriging results.
Generalized Kkriging does not require a semi-variogram in its
mathematical formulation and therefore does not provide the user with
this information. The coefficients and order of a polynomial
expression, referred to as a generalized covariance function (GCF),
are determined and subseqdently used in the estimation procedure. In
addition, the uncertainty of the observed data cannot be accounted for
in the generalized kriging program AKRIP. The following two sections
describe the application of both kriging codes and present the
essential results. A comparison of the results is contained in the
third section.

3.5.3.1 Estimation of Transmissivity Field Using the Universal
Kriging Code K603

The first step in estimating the transmissivity field using K603
consisted of calculating empirical semi-variograms based on the
available transmissivity data (Table 3.3). Such empirical semi-
variograms describe the spatial correlation between the observed
data. Figure 3.7 shows a non-directional as well as two direc-
tional semi—variograms. The difference between the north-south
and the east-west directional semi-variograms indicates a strong
trend in the east-west direction. This is consistent with the
fact that the transmissivities in the western part of the model
area are generally higher than those in the eastern part (see also
Section 2.4).
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The second step of wuniversal kriging is to determine the
coefficients of a mathematical expression which describes the
trend over the model area. The trend is then removed from the
data which leaves the trend-corrected transmissivities as
residuals. The removal of the trend from the data is considered
successful when the difference between the directional semi-
variograms of the residuals is a minimum. A non-directional semi-
variogram of the residuals can then be used as the basis for the
selection of the theoretical semi-variogram that is subsequently
employed in the kriging procedure.

A detailed trend analysis using K603 confirmed that a 1linear
east-west trend underlies the Culebra transmissivity data (Table
3.4). Higher order polynomials were ‘investigated in the
approximation of the east-west trend, but were insignificant
compared to the linear trend. Trend analyses were algo conducted
to determine if minor trends occurred in other directions;
however, no other significant trend could be detected. Therefore,
only a linear east-west trend was used for the subsequent steps of
the kriging analysis (Table 3.4).

The trend-corrected transmissivities, referred to as residuals,
were used in the non-directional and directional semi-variograms
in Figure 3.8. The agreement between the three curves
demonstrates that all significant components of the regional trend
underlying the transmissivity data have been removed. Based on a
visual examination of Figure 3.8, a range or correlation length of
about 3 km and a sill of about 1 1og_m2/s should be used. There

is no indication of a nugget.

A theoretical semi-variogram must be fitted to the non-directional
semi-variogram  (Figure - 3.8) ©before the estimation of
transmissivities can be performed. A spherical semi-variogram was
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selected as the theoretical model to represent the trend-corrected
transmissivities based on the shape of the non-directional curve
(Figure 3.8). Theoretical models that are available include
exponential,‘ spherical, 1linear, and Gaussian (Skrivan and
Karlinger, 1980). Having selected the type of the theoretical
semi-variogram, the range (a) and sill (w) parameters were
systematicallj varied' until 'a spherical semi-variogram was
determined that was statistically consistent with the existing
data base. A unique best-fit solution was found for the parameter
combination a = 3.012 km and w = 0.9355 log me/s (Table 3.4).
These parameter vaiues are close to thé expected values (based oh
examination of Figure 3.8). The non-directional semi-variogram of
the residuals and the selected spherical semi-variogram are
plotted together in Figure 3.9. The two curves agree reasonably
well.

The major differences of the results determined in this semi-
variogram ‘analysis to those reported in the previous modeling
study of Haug et al. (1987) are:

1. When the previous modeling study was conducted, the available

| transmissivity data base was much smaller, i.e., data from

only 24 hydropads or well locations were availablé as compared

to data from 38 locations in this study. In addition, some of

the previously existing data were considerably less reliable.

Because of the small data base, statistically significant

trends could not be identified, and therefore, trend-corrected
transmissivities were not used in the previous study.

2. The non-directional semi-variogram in the previous modeling
| study characterized the spatial correlation of the
transmissivity data excluding the ekistance fﬂ‘ a trend. A
larger- correlation length (about 4 km), a larger sill (u =
2.05 1log me/s) and ‘an exponential semi-variogram had to be
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used in order to characterize the previous transmissivity data
base in a statistically consistent manner.

3. The semi-variogram analysis of the present modeling study
resulted in -the estimation of a linear east-west trend and the
use of a spherical semi-variogram with a shorter correlation
length (about 3 km) and a smaller sill ( w = 0.9335 log me/s).
In general terms, the overall uncertainty of the transmis-
sivity field appears to be reduced by 50% on log scale because
of the smaller sill value. The shorter correlation length
indicates a larger heterogeneity on a scale of several
kilometers than one would expect based on the previous study.

The transmissivity data and the selected spherical semi-variogram
(Tables 3.3 and 3.4) were used to estimate the transmissivity
distribution within the model area. Figure 3.10 shows a contour
map generated using the logarithms of the estimated transmissivi-
ties as well as a contour map of the associated estimation errors
(expressed as single standard deviations). The log transmissivity
estimate is assumed to represent the arithmetic mean of a Gaussian
distribution having a standard deviation equal to the estimation

error.

The kriged transmissivity distribution illustrated in Figure 3.10
is clearly influenced by the identified linear east-west trend,
especially in areas at distances greater than the corréiation
length from the transmissivity data points. Obvious aberrations
from the regional ¢trend exist in the areas of increased
transmissivities at WIPP-25, H-6, and DOE-2 as well as in the area
of high transmissivities at DOE-1 and H-11. Relatively low
transmissivities are shown in the area of P-15, H-4, CB-1, and
P-17.
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For the -calculation of the estimation error displayed in
Figure 3.10, a =zero uncertainty was assumed for the existing
transmissivity data. This simplification results in estimation
errors which are 1likely too 1low. Nevertheless, they were
calculated because they can be directly compared to the estimation
errors calculated by AKRIP which does not account for the
uncertainties associated with the data (Section 3.5.3.2).

The contour maps shown in Figure 3.11 were generated subsequent to
assigning uncertainties to the observed transmissivities (Section
3.5.2). The estimated transmissivity field shows no significant
differences compared to that displayed in Figure 3.10. The
distribution of the estimation error is Characterizéd 'by low
values in the central part of the model area and higher values
along the eastern and western model boundary. In the immediate
neighborhood of the hydropads and wells, the estimation errors are
generally 0.5 log m2/s or less. This 'corresponds to an
uncertainty (i.e., two standard deviations) of approximately +/-
one order of magnitude on a linear scale. In large parts of the
central model area defined by the WIPP-site boundary, the
estimation error is between 0.5 and 0.75 log m2/s.

3.5.3.2 Estimation of Transmissivity Field Using the Generalized
Kriging Code AKRIP

The estimation of the transmissivity field using AKRIP required
the determination of a theoretical generalized covariance function
(GCF) consistent with the logarithms of the Culebra transmissivity
data. The GCF is the theoretical "model" used to estimate the
transmissivities of the model area. The coefficients of the GCF
are determined by an iterative pfocedure in which the GCF is
fitted to local "neighborhoods" defined by subsets of the observed
transmissivity data. In this study, a neighborhood is defined by
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the ten nearest observed data points surrounding a particular
estimation point in the model area. As the estimation point
changes, the data points defining the neighborhood also changes.
Because the transmissivity data within a given neighborhood ma?
contain a local trend, changing the data defining a neighborhood
may result in changes to the local trend. 1In addition, as the
number of observed peints defining a neigﬁborhood increases, the
gscale of the trend also increases and the ability to adequately
represent local trends in the data decreases. The neighborhood
used to define a trend in the K603 code consists of all of the
observed data resulting in the determination of a single regional
trend over the model region. The neighborhood used in AKRIP (ten
points) is more representative of the local trends present in the
transmissivities of the Culebra dolomite.

The zero-order GCF used in this study is listed in Equation (3.1):
K(h) = -1.7T94E-04 |n| (3.1)

where K(h) is the generalized covariance and h is distance between
the estimation point and an observed data point. A consistency
check is normally performed on the theoretical GCF to verify that
it is statistically consistent with the input data. A GCF that is
consistent with the input data should provide a reduced mean
square error near 1 0 (see de Marsily, 1986) The GCF listed in
Equation (3. 1) gave a reduced mean square evror of 1 5 which is a
little high However, Equation (3. 1) preserves the input data at
the observed points better than other GCF models that were
investigated.

The initial log transmissivity estimates and the corresponding
estimation errors calculated using the above GCF are shown in
Figures 3.12a and 3.12b, respectively. These figures depict the
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higher transmissivity values in the western part (log
transmissivity from -3.0 to -3.5) of the model region and the
lower values (log transmissivity from -6.0 to -8.0) in the east.
The lowest values of transmissivity occur along the eastern
boundary and reflect the projection of the underlying local trends
determined by AKRIP. The log tf'ansmissivity values within the
WIPP-site boundary vary from -4.1 at H-6 to -7.0 at P-15. A local
'high occurs near the H-11 and DOE-1 borehoies. Here the log
transmissivity values are between -4.5 and -5.0. This area is
considered to be a local high because of the surrounding lower 10g
transmissivity values.

The estimation errors (as defined by one standard deviation)
within the model region are highest near the northeast boundary
due to the lack of data in the area. Here the errors have log
values of 1.5. Within the central portion of the model area, the
errors of thé estimate are between 0.5 and 0.75 1log m2/s. A
three-dimensional representation of the initial log transmissivity
field is presented in Figure 3.13. The log transmissivity field
is presented in temms of negative log transmissivity or log
hydraulic resistivity. Note the low-resistivity region to the
west and the high "resisti§ities in the east. The 1local
high-transmissivity zone around H-11 appears as alsmall "crater"
of low resistivities surrounded by the higher resistivities
defined by P-15, P-17, and H-17.

3.5.3.3 Comparison Between the Results of Universal Kriging and
the Results of Generalized Kriging

A comparison between the results of the two different geostatis-
tical methods, universal kriging (Figures 3.10 and 3.11) and
generalized kriging (Figure 3.12), shows both interesting
similarities and differences.
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The transmissivities estimated by both methods are consistent in
areas where field data are available. Both methods show a
regional east-west trend as well as increased transmissivities in
the area of WIPP-25, H-6, and DOE-2. Also, the increased
transmissivities at DOE-1 and H-11 and the relatively low
transmissivities in the area of P-15, H-4, CB-1, and P-17 are

shown on both contour maps.

In areas further away from the data points, the differences
between the results are larger. In general, universal kriging
(K603) emphasizes the east—west trend more, which results in
relatively simple, straight contour lines in the outer parts of
the model area. This is because universal kriging assumes a
single linear east-west trend. Deviations from the general trend
are present in the contour maﬁ only within the correlation length
of about 3 km of the hydropads and wells. In contrast,
generalized kriging (AKRIP) uses the local trend defined by the
ten closest data points when estimating the transmissivity at a
given location. As a result, the local trends in Figure 3.12 may
have a diffeveht east-west component than the single trend surface
illustrated in Figures 3.10 and 3.11. However, the differences
between the K603 and AKRIP results in most parts of the model area
are less than 0.5 log m2/s. Thus, the differences are not larger
than the estimation errors calculated by either program.

A comparison between the estimation errors obtained from the two
geostatistical methods shows a similarity in the western and
central part of the model area. Generally, the estimation errors
provided by AKRIP (Figure 3.12) are 0.25 log me/s lower than the
estimation errors calculated by K603 (Figure 3.10). The lower
estimation errors originate from the GCF used in the generalized
kriging procedure (Section 3.5.3.2) which has a higher reduced
mean square error (RMSE of 1.5) than that determined for the semi-
variogram used in K603 (RMSE of 1.0). The RMSE value, defined as
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the average ratio of the. theoretical to the calculated variance,
tends to be larger than 1.0 if the variance of the estimated
values is lower than the variance of the observed values.

Major differences between the estimation errors from the two
kriging methods exist mainly in the north-eastern corner of the
model area. No measured data exist in this area. K603 calculated
estimation errors in this area between 1.00 and 1.25 log m2/s.
The corresponding values calculated by AKRIP are as high as 1.?5
log m?/s. The reason for this large difference lies in the
different methods by which the two c¢odes incorporate trends.
K603 assumes that in such areas the regional trend is the best
estimate. Although . the code accounts to some extent for the
uncertainty associated with the estimated trend, the uncertainty
is essentially governed by the sill of the theoretical semi-
variogram. In comparison, the generalized covariance function
(GCF) used by AKRIP does not reach a maximum value like a sill at
a given separation distance. Therefore, the estimation errors
calculated in AKRIP may steadily increase with distance away from
the nearest data point. Thus, the different estimation errors in
the north-eastern model area reveal one of the fundamental
differences between the universal and the generalized kriging
approaches.

In summary, K603 represents a flexible method allowing the user to
utilize his expertise and judgment; however, this may add a degree
of subjectivity to the results. AKRIP can be characteriéed as a
"black-box method" with a restrictive underlying mathematical
formulation which excludes the subjectivity of the user to a large
degree. In principle, both codes can be used to estimate the
initial model transmissivities and the transmissivity
distributions used during the model calibration. - In areas
without data, the results differ somewhat because K603 uses a
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single trend surface and AKRIP uses éeveval local trends defined
by the nearest data points. Since local trends are probably more
consistent with the observed data than one single trend over the
entire model region, AKRIP was selected to estimate the initial
transmissivity field and the modified transmissivity distributions
during the model calibration.

3.6 Storativity of the Culebra Dolomite

3.6.1 Data Base

The storativity data base (Appendix D) was evaluated to determine
representative values at a scale of tens of meters. The rationale
used in the evaluation is discussed in Appendix D. “The final values
assigned to borehole locations are listed in Tabie 3.3. The total
number of storativity values is much less than the number of
transmissivity values. The storativity values have a mean which lies
between 5 x 10'u and 1 x 102 and a range that extends over 3 orders
of magnitude.

3.6.2 Correlation Between Storativity and Transmissivity

Because the number of storativity values is much smaller than the
number of transmissivity values, it is interesting to assess whether
or not the two hydrogeologic parameters are statistically
correlated. If they are statistically correlated, the
transmissivity distributions could be used to infer additional

storativity values.

One widely used method Ito determine whether two parameters are
correlated is linear-regression analysis (LRA). LRA uses a least-
squares calculation to determine the best-fit line to two variables
(one dependent and one independent) plotted in‘x—y (parameter 1 vs
parameter 2) format. The slope and y-intercept of the best-fit line
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and ‘a parameter referred to as the r2 value are calculated in LRA.
The r? parameter, which ranges in value from zero to one, is a measure
of the goodness of fit of the fitted line to the data. The higher the
r? value, the better the fit of the line to the data. Thus, the 2
value derived from LRA of two highly correlated parameters should be
approximately equal to one.

The Culebra transmissivity and s'torativity data discussed in
Sections 3.5.1 and 3.6.1 were analyzed with LRA to determine whether
or not any c'or’relation between the parameters exists. Initially, the
analysis used all data from those hydrologic tests from which both
transmissivity and storativity values were determined. The r-2 valﬁe
calculated using this data was 0.07. If the data set is filtered to
include only those values of transmiésivity and storativity determined
from interference -tests, the r? value decreases to 0.003. These
results therefore provide quantitative - evidence f‘or" dismissing

correlation between the storativity and transmissivity of the Culebra.

This does not exclude the possibility that geostatistical parameters
determined for the transmissivity (e.g., semi-variogram model,
correlation distance, and sill) are similar to the geostatistical
parameters characteristic of the storativity. A parameter such as
correlation distance could be the same for several hydrogeologic
parameters without those actual parameters displaying a strong
correlation. Regional structural or diagenetic events could provide
the mechanisms to produce geostatistical similarities for several
hydrogeologic parameters.

3.6.3 1Initial Model Storativities
The storativity value chosen for the transient modeling in this study

is 2 x 10"5, the same value used in Haug et al. (1987). Future
modeling studies, whicn will include the hydraulic stresses due to
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construction of a fourth shaft and pumping during a tracer-test at the

H-11 hydropad, will utilize a spatial distribution for storativity
during model calibration and sensitivity analyses.

3.7 Hydraulic Conditions in the Culebra Dolomite

3.7.1 Data Base

Data from the observation-well network in the Culebra were evaluated
in this study to characterize the hydraulic conditions in the Culebra.
Appendix E presents the hydrographs plotted as equivalent freshwateb
head versus time. (The term "freshwater head" is utilized in this
report and is eqdivalent to the term "freshwater elevation above mean
sea level" because the head values are always related to mean sea
level. It refers to the elevation of a column of fresh water with a
fluid density of 1 g/cm3 that would exert a pressure at the elevation
- of the Culebra equal to the formation pressure.)

The freshwater-head data are calculated from either depth-to-water or
downhole-pressure-transducer measurements. The procedure used and the
information necessary to calculate thé freshwater heads is also
presented in Appendix E. In addition to the monitoring wells,
transducers installed in the lining of the three shafts at the WIPP
site have monitored pressures at the Culebra-liner interface in the
three shafts. From these hydrographs, estimates of the undisturbed
hydraulic conditions and the transient responses due to shaft and
site-characterization activities in the Culebra dolomite were

assessed.

The calculation of the equivalent freshwater heads from depth-to-water
and transducer measurements requires knowledge of the average
borehole-fluid density. The estimation of the uncertainty in ‘the
borehole-fluid-density estimates and the corresponding uncertainty in
. the equivalent freshnwater heads are discussed in Appendix E. In

5
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addition to the fluid-density uncertainty, water-level variations
exhibited in a well's hydrograph may result from long-term natural
head changes (trends) or, in some cases, changes of unknown origin.
Appendix E lists the estimates of these individual uncertainties for
each undisturbed freshwater-head estimate and combines these for a
total uncertainty at each well, which is qualitatively meant to
correspond to one standard deviation of the freshwater head
measurements.

The term "observed freshwater heads" is used in this report to refer
to equivalent freshwater heads that are determined from the depth-to-
water and transducer measurements. The term "calculated freshwater
heads" refers to heads calculated dsing SWIFT II.

3.7.2 Abridged Transient Data

The hydrograpns of equivalent freshwater head versus time are utilized
in the transient modeling activities. Because the data base is very
large, the equivalent freshwater-head data were abridged to make the
hydrograph ‘plots of observed and simulated freshwater heads easier to
read. The data were scanned on a seven-day interval to obtain the
minimum, maximum, and mean values corresponding to that week. This
technique preserves the complexity of the data and minimizes the
number of points to be plotted. The transient head data also have
uncertainty introduced by the' uncertainty in the borehole-fluid
density. To illustrate this uncertainty in graphical presentations,
these uncertainties (tabulated in Appendix E), expressed in terms of
meters of head, are added to the minimum and maximum observed
freshwater heads. The transient-data hydrographs used for comparing
observed and modél—calculated freshwater heads plot the mean observed
head value for each week with a vertical bar depicting the minimum and
maximum observed freshwater heads plus uncertainties. For the case of
a single measured value during a particular week, this value is
plotted as the mean and a vertical bar depicting the uncertainties is
added to it (see Section 5.1 to 5.3).
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3.7.3 Estimation of the Undisturbed Hydrologic Conditions over the
Modeled Region

The undisturbed freshwater heads are assumed to be representative of a
steady-state system. Haug et al. (1987) found that leakage from the
Culebra into the WIPP shafts has occurred since the excavation of the
first shaft (the construction and salt-handling shaft, T7/4/81-
10/23/81). This leakagé has caused drawdown responses at many of the
observations wells at the WIPP site. For this reason, undisturbed
freshwater heads are best determined from data collected before mid
1981. For wells in close proximity to the shafts for which no water-
level data were recorded before the summer of 1981, undisturbed
freshwater heads could not be estimated.

The determination of long-term mean formation preSsures referred to as
undisturbed pressures involved evaluating the hydrographs for the
WIPP-site boreholes (Appendix E). We assume that the undisturbed
pressures represent the quasi-stéady—state pressure field that was
present before the excavation of the shafts. Table 3.5 summarizes the
estimates of undisturbed freshwater head for each of the wells and
also lists the uncertainty associated with that value.

The estimation of the undisturbed pressures expressed in terms of
equivalent freshwater heads over the model region was performed using
the AKRIP code with the observed undisturbed freshwater heads at the
well locations. The estimated heads and the errors of the estimation
are illustrated in Figubgs 3.14a and 3.14b. The freshwater heads
reveal a predominantly southerly flow dibection across the WIPP site.
The heads within the southeastern portion of the modeled area reflect
an approximately western flow direction. '

=4 m/m) north and

Figure 3.14a depicts low hydraulic gradients (1 x 10
south of the WIPP site. The low gradient north of the WIPP site is

defined by minor head differences between the WIPP-28, WIPP-27,
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WIPP-30, DOE-2, H-5, and H-6 boreholes. The low gradient south of the
WIPP site is defined by the minor head differences between the H-11,
H-17, P-17, H-4, CB-1, H-12, and H-7 boreholes. Hydraulic gradients
are higher (4 x 103 m/m) in the north-central and central portions of
the site. These higher gradients appear éonsistént with the lower
transmissivities within this region. i However, the initial
transmissivity distribution with low transmissivities in the area of
H-4, CB-1, P-17, and H-17 does not seem to be consistent with the
observed‘ low gradients immediately south of the southern site
bounaaby. This implies that the estimated transmissivity field in
this region does not adequately represent the actual transmissivities
and will have to be modified during the calibration of the model in
order to reproduce the observed heads.

The estimation errors (Figure 3.14b) are highest beyond the edges of
the areas defined by observed data'(i.e., west of WIPP-27 and east of
'WIPP-28, WIPP-30, and H-5). The errors only reflect one standard
deviétionlof the kriged undisturbed freshwater-head estimates and do
not incorpobaté the uncertainty in the observed-head data. However,
estimates of the uncertainty of the observed heads will be used to
determine when the steady-state model is considered calibrated. That
is, the difference between the calculated and observed heads at a
given borehole will be compared to the uncertainty (expressed as one
standard deviation) of the observed head. If the difference between
thé calculated and observed heads is less than or equal to the
uncertainty associated with the observed head, then the match at that
given location‘will be considered adequate. In doing this, the amount
of changes to the initial transmissivity field required to match
observed heads having relatively high uncertainty Qill be reduced. A
more detailed description of the approach used during calibration is
discussed in Section 4.3.1.
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3.7.4 Hydraulic Stresses Since 1981

Since the summer of 1981, the freshwater-head distribution in the
Culebra dolomite has been influenced by drilling and excavating three
shafts (waste-handling shaft, construction and salt-handling shaf't,
and exhaust shaft) at the center of the WIPP site (see chronology and
discussion of shaft-construction activities in Appendix G)s In
addition, several.wells have been drilled or re-completed in the model
area and numerous well-testing acti#ities, some of very long durations
(e.g., H-4 tracer test), have been conducted since 1981 ( Appendix E).
Consequently, the hydrologic conditions at the beginning of or during
the H-3 and WIPP-13 multipad pumping tests cannot be considered to be
undisturbed. Haug et al. (1987) illustrated the large drawdown cone
caused by the different activities at the WIPP site since 1981. The
center of the drawdown cone coincides with the location of the shafts.
The diameter of the drawdown cone was about 7 km and the depth was
about 33 m at the shaft location. The drawdowns at wells H-1 and H-2
reached maxima of 12:2 m and 7.1 m, respectively (Haug et al., 1987).

The implementation of these disturbances at the WIPP site, which are
transient by their nature, was achieved using the wellbore submodel of
SWIFT II (Reeves et al., 1986a). This submodel allows injection or
withdrawal of water from the model at specified locations (i.e., at
the well locations). Details of the implementation are discussed in
Chapter 5. Similarly, the H-3 multipad and WIPP-13 multipad pumping
tests were implemented using the above-mentioned wellbore submodel.

This implementation is also discussed in detail in Chapter 5.
3.7.5 Initial Boundary Conditions
The Culebra dolomite along the eastern boundary of the model area is

characterized by extremely low transmissivities and negligible flow.
The eastern boundary was therefore considered to be reasonably
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represented as a no-flow boundary. Prescribed-pressure boundaries
with prescribed formation-water densities were applied’ to the
northern, southern, and western boundaries. Freshwater heads were
estimated at the outer edges of all grid'blocks along the north,
south, and western model boundaries using AKRIP with the best
estimates of the undisturbed freshwater heads (Table 3.5) at
observation wells. These grid-block-edge values were then used to
calculate the foi'mation pressures at grid-block-center elevations
along the model boundaries. During the simulation, the prescribed
pressures are maintained a_lohg the outer edges of the model area.

3.8 Formation-Fluid Densities
3.8.1 Data BRase

The formation-fluid-density data base (Appendix F) was compiled and
evaluated to determine the most recent and most reliable fluid-density
information available for the Culebra dolomite. The principal sources
used in compiling the data base include ‘(the reader is referred to
Appendix F for the complete listing of data sources):

1) hydrogeologic and hydrologic data reports (Mercer, 1983; INTERA
and Hydro Geo Chem, 1985; INTERA, 1986; Saulnier et al., 1987;
Stensrud et al., 1987); '

2) geochemistry reports, (Robinson, 1987; Uhland and Randall, 1986;
Uhland et al., 1987); and

3) unpublished INTERA and Hydro Geo Chem notes from field logbooks.

The Robinson (1987) report provides a good analysis of the fluid-
density data available before 1987. She discusses the integrity of
previous formation-fluid samples and suggests which values can be
considered' representative of the formation. However,  since

publication of her report, new density data havé been published in
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Uhland et al. (1987). These authors present fluid-density data from
the WIPP Water Quality Sampling Program being performed to expand the
geochemical data base and to establish background values for various
geochemical constituents in Rustler ground waters.

The present study has attempted to integrate the data contained in the
above reports and field notes to -determine which formation-fluid-
density values are most representative of in-situ formation fluids.
Unfortunately, several WIPP-area boreholes have not had sufficienﬁ
pumping to remove drilling fluids still present in the formation
around the boreholes. Thus, we have evaluated the fluid-density data
base and determined formation-fluid—density values we believe are most
representative of in-situ ground waters (Table 3.6). A detailed
description of the methodology used in the evaluation of the represen-
tativeness of the fluid-density values is discussed in Haug et al.
(1987).

3.8.2 Estimation of Formation-Fluid Densities Over Modeled Region

The fluid-density data deemed representative of the Culebra were used
to estimate the formation-fluid densities over the model region. The
generalized kriging code, AKRIP, calculated the estimates of 'fluid
densities which were assigned to the model grid blocks. Densities
ranging from 1.00 to 1.06 g/cm3 occur in a wide region extending from
boreholes WIPP-28 to H-7b (Figure 3.15). Higher fluid densities were
estimated east of this region with values ranging from 1.08 o 1.6
g/cm3 along the eastern boundary. The area of the modél with the
highest uncertainty in fluid-density values occurs along the eastern
boundary. Data in this area were estimated from the west-east trend
in the observed values. Fluid-density values in the central region of
the model area have lower uncertainties due to the larger number of
boreholes located there.
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At this point, several remarks should be made regarding the use of the

estimated formation -densities' in the model. Geochemical evidence
(Section 2.5) suggests that the chemical constituents within the
. Culebra do.lomite may not be at steady state with the present flow
field.  Therefore, using the observed formation-fluid densities as a
calibration parameter during steady-state flow simulation would not be
valid. For this reason, the formation-fluid densities estimated for
each of the grid blocks were held constant for all model simulations.
This allowed inclusion of the observed density distribution and the
effects that variable densities have on the present-day flow field.
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4.0 SIMULATION OF FLOW UNDER UNDISTURBED . HYDROLOGIC  CONDITIONS
( PRE-SHAFT) '

The simulation of ground-water flow in the Culebra dolomite was performed
using the following approach. Initially, the boundary conditions of the
conceptual model and the system parameters (such as storativity, trans-
missivity, and various_sYstem constants, Table 3.3) were defined based on
the documented data base.. Using these data, a simulation was performed to
assess how well the initial estimates of the system parameters reproduced
the observed, undisturbed freshwater heads.* Subsequent changes to the
initial estimates of the boundary conditions and transmissivity field were
implemented as required to minimize the difference between the calculated
and observed heads. The model was considered calibrated when the differ-
ence between the calculated and observed freshwater heads was less than
the uncertainty (as defined by one standard deviation) assigned to each
observed freshwater head. Because some observed values are more uncertain
than others, assigning one overall "threshold" value (i.e., one or two
meters) within which the differences should lie did not seem adequate.
The results of the initial and final célibrated simulations and a more
detailed explanation of the technical approach are presented in the
following sections.

4.1 Initial Conditions

The system parameters which comprise the Components of the initial model
conditions have been previously described in Section 3. The conceptual
model, described in Sections 1 and 3, is a two-dimensional steady-state
flow system with variable fluid densities and formation elevations. The
current fluid-density distribution is assumed to have been created by a
flow system different from the one existing today, with 1little
modification as yet by the current flow system. Therefore, the fluid

As discussed in Section 3.7.1, "observed freshwater heads" refer to
equivalent freshwater heads calculated from depth-to-water and
transducer-pressure measurements.
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densities were simulated as spatially fixed, i.e., no transport of brine
is calculated in the steady-state model. Furthermore, no sources,
sinks, or vertical flux are considered in this conceptual model for the
undisturbed hydrologic conditions.

The initial model parameters are described in Sections 3.3 through 3.8.
The initial transmissivities assigned to each model grid block are the
generalized kriged =estimates obtained using the code  AKRIP
(Section 3.5.3.2). The initial boundary conditions (Table 4.1) were
estimated from the-observed freshwater-head distribution and the kriged
density distribution (Sections 3.7.3 and 3.8.2). The transmissivities
and the initial boundary conditions are the calibration parameters used
in the simulations. However, because the boundary conditions are
constrained by the obsérved freshwater-head data, the transmissivity
distribution is the more important calibration parameter.

4.2 1Initial Steady-State 3imulation

After establishing the initial boundary conditions and the initial model
parameters described above, the initial simulation of steady-state flow
in the Culebra was performed. The results of this initial run are sum-
marized in Figures 4.1 and 4.2. Figure 4.1 illustrates the calculated
freshwater heads derived from the calculéted formation pressures and
assigned fluid densities. The difference between the calculated and
observed heads is shown in Figure 4.2.

Figure 4.2 demonstrates that the calculated heads in the initial
simulation do not reproduce the observed heads. The differences between
the calculated and the observed heads haﬁe high negative values (more
than -10 m) in the north-central part of the modeled region and
relatively small positive values in the southern part of the modeled
region (Table 4.2). The high negative values reflect the difference
between the low calculated values and the high observed values in the
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northern region. The differences of -6.0 m and -3.2 m at WIPP-27 and
WIPP-28, respecfively, imply that the 'heads specified for northern
boundary conditions are likely too low. High negative differences
indicate that the transmissivities in the area north of H-6, DOE-2, and
H-5 are too low. Positive differences occur around H-11, DOE-1, H-4,
P-15, P-17, CB-1, and H-17, indicating that the calculated heads at
thése weils are‘too high.‘ The highest positive difference occurs at
H-11 where the calculated head is 4.6 meters higher than the observed
head. ' :

Changes to the initial transmissivity distribution and boundary
conditions can be used to improve the agreement between calculated and
observed heads. Unfortunately, changes to improve the agreement in the
northern regioﬁ will generate a poorer agreement in the southern region,
i.e., higher, positive head differences south of the WIPP site. Thus,
cﬁaﬁges in the initial transmissivity field are needed at " several

~locations in the modeled region. The justification and methodology for

the implementation of changés in the boundary conditions and
transmissivity distributions is described in Section 4.3.

4.3 cCalibration of the Steady-State Model

4.3.1 General Approach

The calibration approach used to improve the agreement between the
initial calculated heads and the observed heads has previously been
described in Haug et al. (1987). The technique employs "pilot points"
or additional transmissivity data points which are added to the set of
observed transmissivity data and used to alter the transmissivities
within the model regidn through kriging. This approach greatly
enhances one's ability to adjust the transﬁissivity within areas of a
model with the minimum amount of effort and is derived from a
technique discussed in de Marsily, (1983). 1In principle, universal
kriging (K603) or generalized kriging (AKRIP) could be used for the

HO9T700R554 : 4-3




‘model calibration.  As discussed in Section 3.5.3.3, AKRIP was
selected because of its capability to incorporate local trends in the
observed transmissivity data into the kriged transmissivity estimgtes.

The locations and values of the pilot points are determined by the
head differences of the previous simulation. That is, after each
simulation, new information on the response of the model to changes in
the transmissivity field is obtained. At that time, the effect of the
 altered transmissivity field in minimizing the head differences is
evaluated. A criterion has 5een devised to determine whether or not
lafge—scale transmissivity features should be added to match the
observed head values. If the difference between the calculated and
observed .heads at a given location is greater than Itwice the
uncertainty of the observed value (i.e., two standard deviations),
then introducing large-scale tpansmissivity features, such as
increasing the transmissivity up or down gradient of a particular
area, is considered justified.

Table 4.2 lists the differences between the initial calculated and
observed freshwater heads and the values equivalent to the uncertainty
(10) of the observed head for each borehole. The head differences in
the northern part of the modeled region are larger than twice the
uncertainty of the observed heads. The large negative differences are
due to a lack of sufficient ground-water flux from the northern
boundary of the model. Therefore, assigning higher heads along the
northern boundary and higher transmissivities upgradient from the
wells with large negative differences is justified.

Once a sufficient number of tﬁansmissivity pilot points were added to
reduce the head differences below 20 at each borehole, local-scale
transmissivity features were used to reduce the head differences to
below 1g¢ at each borehole. The model was considered calibrated when
the head difference at each borehole was less than or.equal to the
uncertainty of the observed head.
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4.3.2 The Steady-State Calibrated Transmissivity Field

The transmissivity field that is considered to reproduce the observed
freshwater-head distribution adequately, hereafter referred to as the
steady-state calibrated transmissivity field, is shown in Figures 4.3
and 4.4, The steady-state calibrated transmissivity field contains
the same broad features as the initial transmissivity field (Figure
3.12a); namely, increasing transmissivity from east to west and
locally high transmissivity around H~11 and DOE-1.

The calibration of the model generally proceeded from the northern
part to the southern part of the model area. However, to reduce the
number of simulations during calibration, séveral changes were often
implemented in one step. The first step during calibration involved
increasing the heads along the northern boundary, increasing the
hydraulic gradient along the western boundary, and increasing the
transmissivities in the northern region of the model. These changes
resulted in a higher ground-water flux entering the-central part of
the model, which increased the heads in the H-11 area because of the
low transmissivities south of H-11. Therefore, the transmissivities
in the southern part of the modél were increased to "drain" the
additional flux entering the central part of the model area.

The individual changes to the initial transmissivity field are as
follows:

1. Four pilot points with transmissivity values ranging from 2 X 10'!4
t6 3 % 10‘5 m2/s were placed between the northern model boundary
and the WIPP-site boundary (Figure 4.3). These pilot points
increased the transmissivities just west of WIPP-28 and WIPP-30
which increased the ground-water flux to the north-central region
of the modeled area. 1In addition, five pilot points were added
(between P-17 and H-17) south of H-11 which increased the
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transmissivities south of H-11 by one order of magnitude to
approximately 6 x ‘IO'6 m2/s. These changes significantly reduced
the differences between the calculated and observed heads at most
of the wells north of the WIPP site. The head differences at H-1,
H-2, and H-3 were also reduced below the uncertainty of the
observed'values. However, negative differences were still present
at P-14 (-4.1 m), WIPP-18 (-2.6 m), and WIPP-25 (-6.2 m) and
positive differences were still present (2 to-3 m) in the H-11,
DOE71. and H-14 area.

The second step during the calibration of the model was to reduce
the negative head differences at WIPP-25 and P-14. This required
an increase in the transmissivities in the northwestern area of
the model to increase the ground-water flow -into the system.
Pilot points were added to increase the transmissivities slightly
in this area to 6 x 10"” m2/s. In addition, a low-transmissivity
region was introduced south of WIPP-25 and north of P-14 to reduce
the flux leaving the WIPP-25 area (Figure 4.3). The transmissivi-
ties in this low-transmissivity zone are a factor of 4 less than
those in the initial kriged transmissivity field. The low trans-
missivities céused a damming effect which increased the heads at
WIPP-25, P-14, and WIPP-18 such that the differences between the
calculated and observed heads were less than the uncertainties of
the observed heads. However, because the calculated head at WIPP-
26 was already 1 m higher than the observed head, the
transmissivities south of WIPP-26 were increased by a factor of 5
to drain the additional flux of ground water that was expected
based on the above chénges in the vicinity of WIPP-25 and P-14.

The third step during calibration was to reduce the 2- to 3-m head
differences at DOE-1, H-11, and H-14. The pilot points in the
area south of H-11 were adjusted several times. The head
differences were finally reduced below the uncertainties of the

observed heads when the transmissivities south of H-11 were
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increased to approximately 3 x 1072 m?/s. Figure 4.3 illustrates
the area south of H-11 that has the higher hransmiséivity values.
The transmissivity is depicted by a contour of -4.5 log me/s
(3'x 1072 m?/s) occurring west of H-17 and east of P-17. This
feature is less transmissive than the one proposed in Haué et al.
(1987).

Figure 4.4 also illustrates the high-transmissivity feature between
H-17 and P-17. 1In the initial kriged transmissivity field, expressed
in terms of negative log transmissivity (Figure 3.13), the area
between P-17 and H-17 formed a highly resistive barrier south of
H-11. This highly resistive barrier has now beén reduced to allow
grouhd water to flow s&uth from the area between H-11 and DOE-1. A
more detailed discussion of the sensitivity of the calculated heads at
H-11, DOE-1, and H-14 to this high-transmissivity feature is presented
in Section 4.3.4.

4,3.3 The Calibrated Steady-State Heads

The calibrated steady-state heads were calculated using the boundary
conditions listed in Table 4.3 and the calibrated transmissivity field
described in Section 4.3.2. Figure 4.5a shows the calibrated steady-
state heads over the model region. The calculated head distribution
is quite similar to the observed distribution (Figure 3.14a). The
gradients in the calibrated head distribution agree with the gradients
defined by the undisturbed heads, i.e., low gradients north and south
of the WIPP-site boundary and an increased gradient within the
WIPP-site boundary. The largest flux of ground water enters the
system along the northern model boundary west of WIPP-28 and flows
predominantly south toward WIPP-25 (Figure 4.5b) Flow in the northern
part of the WIPP site is generally from north to south. A large
portion of the ground water within the WIPP-site boundaries enters the
nigh-transmissivity zone south of H-11 and exits the modeled region
from the central part of the southern boundary east of H-T7.
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The Darcy velocities of the calibrated steady—stéte. model were
calculated by SWIFT II using the transmissivity distribution
(Figure 4.3), the steady-state pressure field (Note: the calibrated
equivalent freshwater head distribution (Figure 4.5) is determined
from calculated pressures at formation depth), the prescribed fluid-
density distribution (Figure 3.15), and the center-of-Culebra
elevations (Figure 3.4). The Darcy velocities are defined as the
- specific discharge per unit cross~‘sectiona1 area normal to the
direction of the flow. In a porous medium, estimates of the mean
pore-water velocity aré calculated as the Darcy velocity divided by
the effective porosity. However, a spatially-constant porosity
assigned for the entire model area is unrealistic. Therefore, only
Darcy velocities are shown in Figure 4.5b. Such velocitiés should be
interpreted as indicators for the flow directions and the relative
importance of the different flow paths.

Within the modeled region, the Darcy-velocity vectors range in value
over six orders of magnitude. The lowest velocities occur east of the
WIPP site, where the magnitude of the velocity vectors is
approximately ‘1 x 10712 m/s (Figure 4.5b). The highest velocities
occur in the southern portion of Nash Draw along the western boundary
of the model, where the velocities are between 1 x 107 to 1 x 1076
m/s.  South of WIPP-12, toward the WIPP shafts, the Darcy-velocity
magnitudes are approximately 2.5 x 1010 to 7.5 x 10’10 m/s. The
velocities increase to appr'oxi‘matel'y 2.5:X 10“9 m/s in the high-
transmissivity zone south of H-11. The increase in velocity is lower
than expected from the )1 to 2 drders of magnitude increase in the
transmissivities because the gradient within the area south of H-11 is
much lower than that to the north at the WIPP-site center.. The
velocity vectors in the vicinity of DOE-2 and in the northeast
quadrant . of the model area are misleading because of the Culebra
ele\_rat.ion changes that occur in these areas. Section 4.3.6 discusses
the velocities in these areas in detail.
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The head differences Cthe calculated heads minus the observed hegds)
for the calibrated model are illustrated in Figure U4.6. The
uncertainties of the observed heads and the head differences are
listed on Table 4.4, All the head differences are less than the
uncertainties of the observed heads except at H-T.

The diffefences between the calculated and observed heads at boreholes
in the vicinity of H-11 are small and positive. The maximum positive
head difference in this area occurs at H-11, where the calculated head
is 1.5 m higher than the observed head. The head differences at P-17
and H-17 are -1.2 m and +0.9 m, respectively. This contrast between
negative and positive values implies that the high-~transmissivity zone
extending southward from H~11 should probably be located further east
of P-17 towards H-17 than it is in the calibrated transmissivity field
presented in Figure 4.3. However, the differences at both P-17 and
H-17 are less than the uncertainties of the respective observed
heads. The sensitivity of the calculated heads in this vicinity to
the high-transmissivity zone was investigated and is presented in
detail in Section H.B.Q.

Several small changes to the calibrated transmissivity field could be
introduced in future modeling studies to reduce the head differences
listed in Table 4.3. For example, the head difference at H-T could be
reduced by implementing higher transmissivities between Nash Draw and
H-7. This would channel flow from Nash Draw toward H-7 and increase
the calculated head. Adjusting the southern boundary conditions would
also affect the heads in the H-7 area. This was performed and is
discussed in Section 4.3.5. 1In general, an increase in the specified
heads along the southern boundary reduces the head differences at H-T
and increases the differences between the calculated and observed
heads at H-11, DOE-1, and H-14. Therefore, even higher
transmissivities than are present in the calibrated model south of H-
11 (5 x 1072 m2/s) would be required in order to reproduce the
observed heads at these boreholes adequately.
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4.3.4 Sensitivity of the Calculated Heads to the High-Transmissivity
Zone South of H-11 '

During the drilling of H-17, a halite bed was found in the Tamarisk
Member of the Rustler formation, an indicator that the Culebra
transmissivities near H-17 are low. A slug test in the Culebra
suggested the transmissivity was approximately 2 x 1077 m2/s, Beauheim
(1987b). This value is obviously much less than the transmissivity
proposed for the high-transmissivity zone (Figure 4.3). However, the
low transmissivity at H-17 does not exclude the possibility that some
type of high-transmissivity feature exists that provides a conduit for
flow from the H-11 area.

During the calibration of the model in this study, the calculated
heads were consistently too high in the vicinity of H-11. The
assumption of no vertical ground-water flux from the Culebra
necessitated a higher transmissivity feature between P-17 and H-17 to
reduce the differences between the calculated and observed heads at H-
11 and DOE-1. '

Two additional simulations were performed to demonstrate the need for
a higher transmissivity feature south of H-11. The first simulation,
case 1, used the calibrated model described in Section 4.3.3 without
the pilot points used to generate the high-transmissivity zone. The
second simulation, case 2, employed the calibrated model with an
intermediate-transmissivity zone south of H-11 in place of the high-
transmissivity zone in the calibrated model.

In case 1, only one pilot point, located southwest of H-12, was
included in the southern part of the model (Figure 4.7). In the
initial transmissivity field (Figure 3.12a), the transmissivities
between H-17 and P-17 were approximately 6 x 1077 m?/s (log transmis-
sivity of -6.2) and in Figure 4.7, the transmissivities in this area
are about three times greater or approximately 2 x 106 me/s (log
transmissivity of -5.75).
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The transmissivity distribution used in case 1 (Figure 4.7) is very
similar to the calibrated transmissivity distribution (Figure 4.3).
Small changes occur because the pilot points used to generate thé
high-transmissivity zone influenced the transmissivity estimates over
the southern portion of the model region.

The calculated heads for case 1 are illustrated in Figure 4.8. The
calculated heads in the northern and western parts of the mbdél are
very close to the observed heads (Figure 3.14a). However, the
calculated heads in the area between H-15 and H—l? ére significantly
higher (6 to 8 m) than the observed heads. In addition, the
calculated gradients in this region of the modél are not the same as
those observed (Figure 3.14a). Figure 4.9 illustrates the head
differences over the model region for case 1. These differences are
also listed in Table 4.5. The major differenées between the observed
heads and those calculated for case 1 occur in the southern part of
the WIPP site. The calculated heads range from three to five meters
higher than the observed heads in the vicinity of H-1 (Table 4.4) to a
maximum difference of 8.7 m at H-11. The head differences south of H-
11 range from 5.5 m at H-17 to 1.1 m at H-12. The head differences
determined in case 1 imply that a change more dramatic than the
three-fold increase in the transmissivity values between P-17 and H-17
is necessary to reduce the calculated heads in this southern region of
the model area.

Case 2 was performed to determine the effect of intermediate
transmissivities (6 x 1070 m°/s) south of H-11 on the calculated
heads. This value is an order of magnitude greater than the initial
transmissivities, a factor of three increase greater than the case 1
values, and an order of magnitude 1less than the calibrated
transmissivity in this area. Figure 4.10 shows the transmissivity
distribution used for case 2. As in casé 1, the transmissivities are
very similar to the calibrated transmissivities except in the area
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south of H-11.  The calculated heads for this simulation are
illustrated in Figure 4.11. The calculated heads north and west of
the WIPP site agree well with the observed heads (Figure 3.14a).
Figure 4.12 shows that as in case 1, the differences between thé
calculated and observed heads increases significantly between H-15 and
H-11. The magnitudes of the head differences (Table 4.6) are less
than‘those calculated for case 1, but the 3- to 5-meter differences in
the vicinity of H-11 are still relatively high.  Therefore, as
expected, .even higher transmissivities than used in case 2 are
required south of H-11 to reduce the head differences at H-11, DOE-1,
and H-14.

In summary, two simulations, case 1 and case 2, were performed to
demonstrate the need for the high-transmissivity zone between P-17 and
H-17 which qu'ihtroduced while calibrating the model to reduce the
différences between the calculated and observed heads at H-14, DOE-1,
and H-11. The calibrated transmissivities between P-17 and H-17 are
approximately 5 x 1072 m2/s, or approximately 1.5 orders of magnitude
higher than the transmissivities used in case 1 (2 x 1076 m2/s), and
one order of magnitude higher than the transmissivities used in case 2
(6 x 1076 m2/s). The head differences for case 1 in the vicinity of
H-11 ranged from 5.3 to 8.7 m. In case 2, the head differences were
reduced by approximately 3.5 m from those in case 1. In conclusion,

* with the present data base, the increase in the transmissivity between
P-17 and H-17 is necessary to reduce the head difference at H-11 below
the +/- 2-m uncertainty of the observed H-11 head.

4.3.5 Sensitivity of the Calculated Heads to the Southwestern
‘Boundary Conditions

A third simulation, case 3, was performed to determine the effect that

changing the heads along the southwestern boundaries of the model
would have on the calculated heads at H-7 and in the vicinity of H-11.
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The calibrated transmissivity distribution (Figure 4.3) was used for
this simulation. The specified hydraulic gradient along the lower
half of the western boundary was lowered to approximately 7.5 x 10'll
m/m, slightly less than the calibrated model's gradient of 9 x 10‘LI
m/m. The change in gradient raised the specified head at the
southwest corner of the model area from 910 m amsl in the calibrated
model to 911 m amsl for case 3. Also, the specified heads along the
western half of the southern boundary were raised by 2 m. This
increase in the specified heads in the southwest part of the model
area essentially lowered the regional hydraulic gradient between the
northern and southern boundaries.

The calculated heads for the case 3 simulation are shown in Figure
4,13. In the northern part of the WIPP site, the calculated heads at
HDE-?, WIPP-13, and H-6 are slightly greater (0.2 to 0.4 m) than the
heads for the calibrated model. The increase in the heads becomes
greater in the southern half of the WIPP site where heads at the H-3,
H-14, and H-15 boreholes were increased by an average of 1.6 m. The
increase in calculated heads south of H-14 was approximately the same
as at H-11 and H-7, which had increases of 1.9 m.

Figure 4.14 shows the difference between the calculated and observed
heads for case 3. The difference at H-7 was reduced below its 1 m
uncertainty value. However, the head differences in the vicinity of
H-11 were increased to values above the observed-head uncertainties
(Table 4.7). Therefore, higher transmissivities south of H-11 than
those used in the calibrated model would be required to reduce the
head differences in this portion of the model area. Future modeling
efforts would require continuation of these caiibr'ations with a
variable transmissivity distribution and changes to the specified
heads along the western and southern boundaries.
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4.3.6 Apparent Local Maxima and Minima in the Calculated Freshwater
Heads

Equivalent freshwater heads are a common unit used to represent
formation pressures over a given area or at a borehole location. For
this reason, the formation pressures in this study are presented in
equivalent freshwater heads. However, freshwater heads are limited in
their use as a direct indicator of ground-water flow direction because
the equivalent-freshwater-head equation (Appendix E) ignores the
gravity-related pressure that is generated in a variable elevation,
saline ground-water system. This condition can lead to local maxima
or minima in the equivalent-freshwater heads. For example, the
calculated freshwater heads in Figures 4.5, 4.8, 4.11, and 4.13 have
two local highs occurring along the eastebn no-flow 'boundar-y. A local
low also occurs between WIPP-30 and H-5 (the 935-m contour line). The
following paragraphs explain the reasons for these local highs and
lows in the calculated freshwater-head distribution.

A detailed illustration of the center-of-Culebra elevations (m amsl)
in the northeast quadrant of the model is shown in Figure 4.15. Three
minima occur in the Culebra elevation map. Two of these minima are
located along the eastern boundary of the model area, one along the
northern part of the boundary and one in the central part of the
eastern boundary directly east of the WIPP site. The third elevation
low occurs in the area between DOE-2 and WIPP-11. Each of these low-
elevation areas forms a trough or local depression within areas of
relatively significant elevation changes. The elevation low occurring
along the northern part of the eastern boundary is based on a Culebra
elevation from Davies (1988). The elevations defining the low
occurring in the central part of the eastern model-area boundary are
estimated by AKRIP based on the local trends observed in the nearby
data inside the modeled area. The low area between DOE-2 and WIPP-11
is defined by stratigraphic data from the logs of those two wells
(Mercer et al., 1987; and Sandia National Laboratories and U.S.
Geological Survey, 1982).
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A detailed representation of the model-calculated freshwater heads in
the northeast quadrant of the model area is illustrated in Figure
.16, Local maxima coincide with the three minima in the Culebra
elevations shown in Figure 4.15. The local extremes in freshwater
heads in this part of the fnodel area are due to gravity-induced
pressures generated by the rapid changes in adjacent grid-block
elevations. Significant elevation changes between adjacent grid
blocks incbease the pressure in the lower-elevation grid block by the
weight of the column of water assumed to exist between the two grid
blocks. The equation used to convert this pressure to equivalent
fveshwéter head assumes that this column of water has a density equal
to 1.0 g/cm3. In the northeast quadrant of the model area, hoﬁever.
the fluid densities range from 1.05 g/cm3 to 1.16 g/cm3. This range
of fluid densities coupled with the variation in the Culebra
elevations in the WIPP area can generate 1local freshwater-head
anomalies of up to 5 m.

The Darcy-velocity equation is:

Velocity = —’;‘r[-d’-ﬁ— (p*g *—=3)] | (4.1)
where k 1is the harmonic-mean permeability between adjacent grid
blocks, wu is fluid viscosity, AP is the pressure difference between
adjacent grid blocks, d is the distance along one of the principal
axes, X, ¥y, or 2z between adjacent grid blocks; 5 is the mean fluid
density of adjacent grid blocks, g 1is gravity, and Az is the
difference of adjacent grid-block center elevations. The first term
accounts for the driving force due to pressure differences between two
adjacent grid blocks, and the second term accounts for the gravity-
induced pressures generated by elevation and fluid-density effects.
Velocities are calculated in the x and y directions because of thé
assumption used for modeling the Culebra as a confined aquifer with no

vertical flux.
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The calculated Darcy velocities (Figure U.5b) are accurate represen-
tations of the flow directions given the assumption of porous-medium
flow and the boundary conditions used in the model. The y-components
of the velocity vectors over the model region are.generally oriented
south, even in the areas where the local freshwater highs occur. One
exception occurs in the northeastern corner of the model area where
the two terms on the right-hand side of Equation (4.1) are the same
within the limits of discretization and the accuracy of the algorithm. -
These terms are also approximately the same in the vicinity of DOE—Z.'
This results in unreliable velocity magnitudes and directions.

The importance of accounting for the gravity—'induced pressure or
gravity-related driving force in the WIPP area has also been described
by Davies (1987). He presents a modified form of Darcy's law incorpo-
rating the variable density and elevation effects and investigates
changes in the flow directions generated by incorporating gravity-
related driving forces. In summary, the local freshwater-head maxima
or minima illustrated in Figures 4.5, 4.8, 4.11, and 4.13 are derived
from the choice of presenting the data in the unit of equivalent
freshwater head. The velocity vectors illustrated in Figure 4.5b are
accurate r-epr'esént;ations of the flow direction except in areas where
the difference between the two componerits of the velocity equation
(Equation 4.1) is small, such as in the northeast corner of the model

area.

4.4 Calculated Particle Travel Times in the Model Region

In a steady-state flow field, particle travel times calculated using
mean pore-water velocities are good indicators of the travel times due
strictly to the changes in permeability and hydraulic gradient over a
particular area, but should be interpreted relative to the spatially-
constant porosity wused in the calculation of mean pore-water

velocities. The particle travel times should also be interpreted
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relative to the uncertainties associated with the permeabilities and the
hydraulic gradients. Uncertainties in .the permeabilities and the
calculated pressures used in the calculation of the hydraulic gradient
generate variations in the particle travel paths and times from a given
release point, whereas uncertainties in the porosities directly affect
the variations in the particle travel time along a given path. In
Andrews et al. (1987), the importance of considering both particle
travel-path uﬁcertainty: and particle travel-time uncertainty is
demonstrated using a statistical sampling approach from distributions of
t‘né hydrogeologic paraméter-s at the bedded salt site in Deaf Smith
County, Texas. ’

In this study, a significant portion of the uncertainties of the
permeabilities in the WIPP-site area can be derived from the estimation
errors of the transmissi\"ity field (Figure 3.12b). The uncertainties of
the observed transmissivity values must also be considered. The
uncertainties of the observed heads (Table 3.5) originates from the
uncertainties in the borehole-fluid densities and the trends observed in
the hydrographs for theWIPP—area boreholes (Appendix E). Given the
uncertainties associated_rwith the hydrologic data from the'boreholes at
the WIPP-site, the particle travel times presented in this section
should be considered uncertain. They are presented to illustrate the
range in particle travei times in the calibrated steady-state model
using the steady-state calibrated transmissivities and a spatially-
constant porosity of 16 percent.

Calculations were per't‘orfmed' for the release of seven particles in the
flow field defined by ‘the steady-state calibrated heads. Of these
seven, three were released along the western half of the nort,Iher'n
boundary to determine the travel times within the model area
representing Nash Draw. , The four other particles were released within
the WIPP-site boundary at locations coincident with H-5, H-6, H-18, and
a point corresponding to the centroid of the underlying repository which
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was considered the base-case release point in Reeves et al. (1987).
Figure 4.17 illustrates the particle travel paths for all seven
particles. The pathns are consistent with the velocity vectors
illustrated in Figure 4.5b. The shortest travel times occur in the
western part of the model area where particles A and B have values of
approximately 450 and 975 years, respectively. Both of these particles
traveled directly south in the area representing Nash Draw where the
.Darcy velocities range from 1 X 10°7 m/s to 1 x 10'6 m/s. Particle C
initially travels southward but 1is vredirected toward the area
representing Nash Draw where the majority of the ground water entering
the model al'ong the northern boundary eventually flows. Particle C has
artr'avel time of 2.8 x 103 years which is less than one order of
magnitude greater than the travel times for particles A and B.

The travel path of particle D, originating at H-6, is oriented southwest
because the ground-water flow in this area is oriented away from the
relatively low transmissivities south of H-6. Tne travel path is
eventually redirected southeast toward H-7 and exits the southern model
boundary with a total particle travel time of 1.6 x 104 years.
Particle E was released from a location coincident with H-5 and exits
the model area fram the southern boundary in 1.4 x 100 years. The
calculated travel time for Particle E is very long becausé of the low
calculated Darcy velocities (1 x 10711 to 1 x 10710 p/s) near the
eastern WIPP-site boundary and because Particle E does not enter the
high-velocity zone between H-17 and P-17 which is generated by the high-
transmissivity zone described in Section 4.3.2.

Particles F and G were released in the central part of the WIPP site.
The release point for Particle F is slightly south of H-18. The
particle then travels southeast toward H-3, enters the high-velocity
zone between H-17 and P-17 and reaches the southern model boundary in
5.8 x 104 years. Particle G was released in the Culebra from a point
coincident with the centroid of the underlying repository area. This
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release point was used as the base-case release point in Reeves et al.
(1987). The calculated particle travel time for Particle G to reach the
southern WIPP-site boundary is approximately 1.3 x 10“ years, which is
about one-third of the total travel time to the southern model boundary
(3.6 x 10" years). Assuming a porous-medium equivalent porosity of 0.16
and the southern WIPP-site boundary as the accessible environment, the
particle travel time to the accessible environment determined for
particle G in this study is approximately 2.5 times longer than the
travel time to the accessible environment (southern WIPP-site boundary)
presented in Reeves et al. (1987). The increase in particle travel time
in this study is primarily due to the lower ground-water velocities
south of H-3 generated by the lower transmissivities in the vicinity of
H-11. This increase in travel time should be considered qualitative
since additional model calibration is yet to be completed
(see Section 5).
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5.0 SIMJLATION OF TRANSIENT RESPONSES RESULTING FROM SHAFT' ACTIVITIES
AND WELL TESTS o -

The focus of this modeling study is to simulate the undisturbed hydrologic
conditions and the transient behavior of the Culebra dolomite in responsé
to the H-3 and WIPP-13 multipad pumping tests. The simulation of these
tests was conducted to assess how well the steady-state calibrated model
reproduces the transient tests performed in the Culebra. The following
Sections 5.1, 5.2, and 5.3 describe the five transient simulations
performed in this.study. ' :

All of the simulations utilize the calculated heads of the calibrated
steady-state model (Figure 4.5) as the initial condition. The initial or
base-case transient simulation also used the transmissivities of the
calibrated steady-state model. The other four transient  simulations were
conducted to evaluaté the effect the model transmissivities' and
storativities have on the calculated transient freshwater heads. The first
two sensitivity simulations used the base-case stor'ativity but had
different transmissivity distributions than the base case. A factor-of-
two increase in the calibrated transmissivities was used in the first case
and a factor-of-two decrease in the calibrated transmissivities was used
in the second case. The other two sensitivity simulations used the base-
case transmissivity distribution but changed the base-case model
storativity values by factors of 2.5 and 0.5.

The transient simulations include the hydraulic tests and other activities
that caused significant hydraulic stresses on the Culebra. The most
important disturbance of the hydrologic system during recent years was
caused by e)icavating the shafts at the center of the WIPP site
(Appendix G). The transient simulations in this modeling study includes
the entire shaft history extending from its beginning in July 1981 to the
present (late 1987). For convenience, January 1, 1981 was selected as the
beginning of the simulation time scale. The time-step size selection
criteria for the simulations are described in Appendix G.
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Well tests at- H-2, H-3,: H-4, :and WIPP-13 were ‘also included in the
transient simulations. Descriptions of these tests are also contained in
Appendix G. Many other well-testing and water-quality-sampling activities
have been conducted at the WIPP site and- could be. implemented in the
transient simulation. In general, most of these are of short duration
with " relatively small impacts on the hydrologic conditions in the
Culebra. . We have selected. tests of 1longer -duration which have
significantly stressed the Culebra in the wvicinity of H-3 or WIPP-13.
This..was: done to incorporate the hydrologic stresses present during the
beginning of the H-3 and WIPP-13 multipad pumping tests. i
The' observed -transient. data are presented in, terms of freshwater heads
which . required knowledge of - representative. borehole-fluid densities
(Appendix E). Because borehole-fluid density is anluncertain:paraméter{ a
specific symbol has been used in the figures showing the plotted transient
hydrographs: to express the uncertainty in the transient-éreshwater.heads
calculated from the densities in:Table E.2. The symbol used is a vertical
line, indicating the uncertainty associated with the freshwater-head
value, with.a horizontal tic mark which corresponds to the best estimate
of the freshwater-head value. (Section 3.7.2).

5.1. Initial Transient ‘Simulation Using the Steady-State Calibrated
Model

The details of the shaft activities which hydraulically stressed the
Culebra and the tests performed.at the WIPP-area boreholes which were
used , 'in the transient simulation are presented in .Appendix G.
Sections 5.1.1, to 5.1.9 describe the initial transient simulation
performed using the tfahsmissivity distribution and boundary conditions
of the steady-state calibrated model. The initial simulation is also
referred to as the base-case transient simulation in later sections.
- Additional -calibration was not performed to . improve the results

‘determined in the initial simulation. . Transient calibration requires an
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iterative procedure which includes changiqg local transmissivities and
storativities to improve the calculatéd_ transient results“_whiie
maintaining_the calibrated steady-state fit to the_obsepved~heada;f Tﬁis
type of procedure will be done in the transient simulationshinclﬁded in
future modeling studies.

5.1.1 Simulation of the Early Shaft Pressure History

The effects of the early shaft pressure history_;n_1981 and 1982 were
observed at. H-1, H-2, and to a lesser extent at H-3 (Stevens and
Beyeler, 1985) (Figure 5.1a). At H-1, the calculated drawdown
resulting from the  first exposure of the construction and salt
handling (C & SH) shaft tofatmosphecic pressure is greater than the
observed drawdown. The subsequent increase in calculated head at H-1,
generated from the simulation of the filling of the C & SH shaft with
brine, is higher than the observed head. The lack of. agreement
between the simulated and observed heads implies that (1) the model
transmissivities between the C & SH shaft and H-1 are too high, .and/or
(2) the model storativity (2 x 107°) between the C & SH shaft and H-1
is too low. |

The magnitude of calculated drawdown at H-2 and H-3 during the early-
shaft-history time period is approximately the same as the observed
drawdown at both boreholes. However, the calculated heads at H-2 are
generally 5 m lower than the_observed heads. This head difference
implies that ‘the model transmissivities between the C & SH shaft and
H-2 are too high, or that the model storativity is too low. The
calculated freshwater heads at H-3 generally agree with the observed
heads during this period, indicating that the model parameters between
the shaft location and the H-3 hydropad have approximately

representative values.
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“The early ‘shaft pressure hlstory pr-obably caused very stmng head
'changes at WIPP-21 and WIPP-22, and to a lesser extent at WIPP 19 and
WIPP-18. However-, because these wells were not completed as Culebra
observation wells until the summer of 1985, no observed data exist
from these wells for the years 1981 and 1982. - B

5.1.2 Simulation of the Open-Shaft Period

The drawdown cone caused by ground-water leakage into the open shafts
during 1982 through 1985 (Appendix G, Section G.2.2) has been observed
at H-1, H-2, and to a lesser extent at H-3. The drawdown caused by
the open shafts would also have been observed at the wells WIPP-21,
WIPP-22, WIPP-19, and WIPP-18 'if they had been recompleted in the
Culebra before 1985. In general, the calculated transient heads are
about ‘10 m lower than the observed heads (Figure 5.1a) indicating that
the transmissivity and/or storativity distribution in the vicinity of
the shafts must®be modified to obtain’'a better agreement between the
observed and the calculated tr-arisieht head data. The effect of
adjusting the model tran5m1ssw1tles and storativities on the calcu-
lated transient heads is demonstrated and discussed in Sections 5.2
and 5.3.

5.1.3 Simulation of the Shaft Leakage After Shaft Sealing

In summer 1985, the exhaust shaft was sealed (Appendix’ G). This
reduced considerably the leakage of ground water from the Culebra into
the shafts (Figure 5.2).' The observed freshwater-head increase caused
by the exhaust-shaft sealing is shown on the plot of calculated and
measured transient freshwater heads for the shaft location
(Figure 5.1g). The fluid-pressure recovery due to the sealing of the
exhaust shaft can also be recognized at H-1 and H-2 (Figure 5.1a), but

the head response is complicated by the recovery from the H-3
- step-drawdown test. Thus, it is difficult to quantify the specific
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response at H-1 and H-2- due to the shaft sealing in summer 1985.
A response to the sea;ing of the exhaust shaft may: have occurred at
the DOE-1 and H-11 boreholes (Figures 5.1b and 5.1c). However,
pumping at H-11 during the same period of the shaft sealing has made
the ‘identification of a shaft-sealing response in the observed
transient data difficult. The recovery could have probably been
identified at the WIPP wells north of the shaft locations if these
wells had not been B undergoing recompletion or recovering from
recompletion. :

5.1.4 Simulation of the H-2 Well Tests

The response to the hyarologic and tracer tests at H-2 during 1983 and
1984 were incorporated into the model as described in Appendix G,
Section G.3.1. The production rates during the tests are shown in
Figure 5.3.' Compared: to the other well tests incorporated into the
transient simulation :(Appendix G), these tests were only minor
hydrologic stresses on the Culebra dolomite. Thus, the effects of the
H~2 well tests are not pronounced at H-1 and H-3 (Figure 5.1a). The
head data for H-2 display considerable scatter apparently as a result
of both testing -at H-2 and activities at the shafts and other
hydropads. H-2 has a1$0 had a complicated density history which adds
further scatter to thé data. Therefore, it is difficult to assess
whether or not the | calculated response to the H-2 well tests
adequately represents phe actual response.

5.1.5 Simulation of the H-3 Convergent-Flow Tracer Test:

The H-3 convergent-flow tracer test performed from April to June 1984
is discussed in Appendix G, Section G.3.2. The production rates
during the H-3 conveﬁgent—flow tracer test are shown in Figure 5.3.
The calculated drawdown at the H-3 hydropad in response to this test
(Figure 5.1a) is twice the observed drawdown. This implies that 1)
the calibrated transmissivity in the H-3 hydropad area is too low,
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and/or 2) the storativity in the vicinity of the H-3 hydropad is
greater than the storativity of 2 x 1072 used in the model.

The calculated drawdowns in the spring of 1984 at H-1 and H-2
(Figure 5.1a) are approximately 6 m and 4 m, respectively. Because
the obser&ed drawdowns at those wells due to the H-3 convergent-flow
tracer test cannot be easily identified due to the considerable
scatter in the observed data, it is difficult to compare the
calculated and observed responses. At H-11, the calculated drawdown
cannot easily be compared against the observed because the observed
heads are influenced by a prior pumping test conducted at the H-11
hydropad which was not included in the simulation (Figure 5.1b). At
DOE-1, the calculated freshwater heads agree well with the observed
data (Figure 5.1¢).

5.1.6 Simulation of the H-3 Step-Drawdown Test

The H-3 step-drawdown test conducted in June and July 1985 is
described in Appendix G, Section G.3.3. The production rates for the
test are shown in Figure 5.3. Simiiar to the response observed for
the convergent-flow tracer tést, the calculated drawdown at the H-3
hydropad (Figure 5.1a) is twice the observed drawdown. The magnitude
of the observed and calculated drawdowns at H-1 and H-2 are
~ approximately the same (Figure 5.1a).

As with the convergent-flow tracer test, the step-drawdown test caused
small responses at DOE-1 and H-11. In both wells, the calculated and
observed drawdowns are in good égreement. However, the calculated
recovery is much slower than the observed. This indicates that the
model transmissivities between H-3 and DOE-1 and between H-3 and H-11
are probably ‘adequate and that other factors are causing the
differences.
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5.1.7 Simulation of the H-3 Multipad Pumping Test

The H-3 multipad pumping test conducted from October through December
1985 is discussed in Appendix G, Section G.3.4. The pumping rates are
shown in Figure 5.3 and the calculated and obsérved transient respon-
ses at the H-1, H?Z, and H-3 locations are illustrated in Figure 5.1a.
The calculated drawdown at the H-3 hydropad is again two times greateb
than the observed drawdown in the pumping well H-3b2 (lowermost values
of the H-3 hydrograph in Figure 5.1a). The observed data at H-1 and
H-2 exhibit drawdown and recovery id response to the H-3 multipad
test. At H-1, the observed and calculated drawdowns have about the
same‘magnitude relative to the pretest fluid levels, while at H-2 the
observed drawdown is somewhat larger than the calculated drawdown. In
both wells, the observed recovery is slower than the calculated
recovery. Unfortunately, reliable observed data for these wells are
not available for the periods during the H-3 convergent-flow tracer
test and the H-3 step-drawdown test. Therefore, it is difficult to
identify whether the disagreement between H-1 and H-2 calculated and
observed data from the H-3 multipad pumping test is caused by using
non-representative model '‘parameters such as transmissivity or by other
hydrologic disturbances such as pressure changes in the shafts.

A response to the H-3 multipad pumping test was also observed at H-11
and DOE-1. The calculated drawdowns match the observed drawdowns
quite well. However, as in the previous responses to H-3 testing, the
calculated recovery at both wells 1is slower than the observed
recovery. '

The maximum drawdown observed during the H-3 multipad pumping test at
WIPP-21 was 10 m (Figure 5.1e). The other WIPP wells in the vicinity
of the shafts had drawdowné less than WIPP-21. Slow recoveries were
also observed. The fluid densities in the WIPP wells in the vicinity
of the shafts during the pumping and recovery periods of the H-3
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multipad test are not well known. Therefore, in, the following
discussion only the vrelative changes in freshwater head are
considered, rather than the absolute magnitudes of ‘the freshwater
heads. ‘

A comparison of the relative changes in the calculated drawdowns and
the observed changes in heads_at WIPP-21, WIPP-22, and WIPP-19 shows
that the responses to the H-3 multipad test calculated by the model
were much smaller than those observed. The disagreement between the
calculated and the observed data implies that either the model
transmissivities wused are not representative of the actual
transmissiviﬁies, or that some other event caused the extent of
drawdown at WIPP-21, WIPP-22, WIPP-19, and WIPP-18 to the north of the
WIPP shafts. Considering that the observed drawdownrat WIPP-21 is
larger than that observed at H-1, a rather high permeability feature
would be required between H-3 and WIPP-21 to produce such a
response. At present, no data exist to support a postulated high-
transmissivity_ feature betweeﬁ' WIPP-21 and H-3. An alternative
explanation of the WIPP-21 response is presentéd in the following
paragraph. '

Transducer measufements in the Culebra in the waste-handling shaft
(Figure 5.1g) showed a sudden pressure drop during the H-3 multipad
pumping test, similar to the observed water-level response at WIPP-21.
The equivalent-freshwater-head drawdown at the waste-handling shaft 15
_more than twice as large as the observed drawdown at H-1. Haug et al.
(1987) proposed that during the H-3 multipad pumping test, additional
leakage of ground water from the Culebra occurred in one of the
shafté, thus causing the sudden pressure -drop. This scenario was
simulated in Haug ‘et al. (1987) and was shown to improve thne
reproduction of the responsés at the WIPP wells during the H-3 pumping
test. Haug et al. (1987) concluded that the proposed additional
leakage at one of the shafts could explain the observed responses in
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WIPP-21, WIPP-22, and WIPP-19, and that it could account for the
smaller calculated drawdowns and slower observed recoveries of H-1 and
H-2. Implementation and further investigation of this hypothesis was
not performed in the present modeling study. _ "

5.1.8 Simulation of the H-4 Convergent-Flow Tracer Test

The convergent-flow tracer test at the H—M hydropad cdnducted between
October 1982 and October 1984 is described in Appendix G, Section
G.3.5, and the pumping'rates during the test are graphically shown in
Figﬁre 5.3. The calculated and the observed transient heads at the
H-4 hydrbpéd are illustrated in Figure 5.1b. The calculated drawdown
during the H-4 convergent-flow tracer test is approximately two times
greater than the observed drawdown in the observation wells (H-4a,
H-4b), while the observed drawdown in the pumped well (H-U4c) was much
larger. The calculated rate of recovery, however, appears to agree
with the observed. This comparison of calculated and observed
responses to the H-4 tracer test indicates that the model
transmissivities employed in the area of the H-4 hydropad are
generally lower than the actual transmissivities. Because of the low
transmissivities in the vicinity of H-4, the H-4 hydropad was the only
location that responded to the pumping during the H-4 convergent-flow
tracer test.

5.1.9 Simulation of the WIPP-13 Multipad Pumping Test

The WIPP-13 pumping test conducted from January to February 1987 is
described in Appendix G, Section G.3.6. The pumping rates used in the
model are illustrated in Figure 5.3. The calculated and observed
drawdowns at WIPP-13 are shown in Figure 5.1d. The calculated draw-
down is approximately twice the observed dbawdown, implying that the
steady-state calibrated transmissivity at WIPP-13 is probably too low.
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The calculated drawdowns at the H-6, DOE-2, and P-14 boreholes are
illustrated in Figures 5.1b and 5.1c. The relative magnitudes and
timing of the calculated drawdowns and recoveries compare well with
the observed transient freshwater heads at these locations. This
implies that the calibrated transmissivities between these boreholes
and WIPP-13 are probably close to the actual transmissivities.

Wells WIPP-12, WIPP-18, WIPP-19, WIPP-21, WIPP-22, WIPP-30, and ERDA-9
also responded to the pumping at WIPP-13. The calculated and observed
transient freshwater heads at these 1oéations are shown in. Figures
5.1d and 5.1e. The calculated drawdowns are generally much lower than
the observed drawdowns at these locations. For example, the maximum
observed drawdowns at WIPP-12-and ERDA-9 are approximately 8 m and
1 m, respectively. The calculated drawdown at WIPP-12, however, is
about 2 m and there was no identifiable calculated drawdown at ERDA-9,
implying that the actual transmissivity and storativity distributions
between WIPP-13 and the other WIPP wells are different from those used
in the model. The calibrated steady-state model transmissivities
surrounding the WIPP wells nearest to the shafts are approximately
5 x 1077 m?/s. These relatively low transmissivities form a barrier
to flow which'reduces the magnitude of the responses at these wells
due to pumping at WIPP-13. This causes the calculated responses to be
lower than the observed résponses. It is also possible that a local
feature with transmissivities similar to those at WIPP-13 with a
storativity lower than 2 x 1072 exists between WIPP-13 and the WIPP
wells just north of the shafts.

5.2 Sensitivity of the Transient Calculated Freshwater Heads to
Transmissivity

A detailed calibration of the model to the observed transient
freshwater-head data was not possible due to time constraints.
Section 5.1 indicates that adjustments to the transmissivities and
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storativity used in the steady-state calibrated model are needed to
reproduce the transient responses. To determine the effect that general
changes in the transmissivity or storativity have on the calculated
transient freshwater heads, several additional transient simulations
were performed. The sensitivity of the calculated freshwater heads to
model transmiésivities is presented in this section, while the
sensitivity of the calculated transient freshwater heads to changes in
model storativities is pregented in Section 5.3.

Two simulations were performed in which the steady-state calibrated
transmissivities were changed by a constant factor over the entire model
area. The fit of the steady-state calibrated model to the undisturbed
headé was maintained because the calculated head distribution for the
steady-state model remains the same when the boundary conditions are
fixed and the transmissivities are globally changed by a constant
factor. In the first simulation, hereafter referréd to as T-case 1, a
globallmultiplier of 2 was applied to the grid-block transmissivities of
the calibrated steady-state model. This increases the ability of the
model to transmit flow from one'grid block to another. The second
simulation, T-case 2, used a global transmissivity factob of 0.5 which
reduced the ability of the model to transmit flow. |

Both of these global changes in the model transmissivities caused
changes in the hydraulic c¢onnection in the area around the shaft which
affected the flux of ground water draining from the Culebra into the
shaft. To maintain the Culebra pressure observed at the shaft, the flux
must increase if the transmissivity increases. Conversely, the flux
into the shaft will decrease if the globél model transmissivity
decreases. The calculated transient freshwater heads determined in
T-case 1 and T-case 2 are shown in Figures 5.l4a through 5.4k. These
sensitivity simulations show, in general, that doubling the
transmissivity over the entire model improved the fit between the

calculated and observed drawdown at the various pumping wells included
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in the transient simulation (H-2, H-3, H-4, and WIPP-13). Conversely, a
50% decrease in the transmissivities (T-case 2) resulted in a poorer fit
between the calculated and observed drawdowns at the pumping wells.

5.2.1 Sensitivity of the Shaft-Induced Responses to Transmissivity

The simulation of the shaft pressure history during construction
showed that the filling of the C & SH shaft with brine produced
greater drawdowns and higher recoveries than calculated by the steady-
state model at boreholes H-1, H-2, and H-3 (Figures 5.4a, 5.4b, and
5.4c) when the transmissivities between the shaft and these wells were
iﬁcreased, and lower drawdowns and recoveries when the transmissivi-
ties were reduced. The response of the shafts' grid block during this
time period was determined by a series of pressure-controlled events
which are different from rate-controlled events (Appendix G).

During the early shaft history, the higher transmissivities used in
T-case 1 resulted in a larger flux of ground water entering the shaft
from thé formation and an increase in the hydraulic connection between
the shaft and H-1, H-2, and H-3. This increase in hydraulic
connection increased the distance to which the pressures prescribed at
the shaft were transmitted. When the global transmissivities were
decreased, the flux and the‘hydraulic connection between H-1, H-2, and
H-3 and the shaft were also decreased, thus reducing the'caleulated
responses. The calculated response at H-1 to the shaft pressure
history uéing lower transmissivities, T-case é, was much closer to the
observed response. However, the calculated response at H-2 and H-3 in
the initial or "base-case" transient simulation is better than the
results determined in T-case 1 or T-case 2.

The open-shaft period (1982-1985) and the recovery period after the

sealing of the exhaust shaft-(July 1985) also proved to be sensitive
to global changes in transmissivity. The calculated responses
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determined in T-case 1 produce a better fit to the observed data.
More adjustments to the hydrogeologic parameters of the model will be
neéded to reduce the differences between the calculated and observed
responses in the viecinity of the shaft and extending to H-1, H-2, and
H-3. ;

5.2.2 Sensitivity of the Calculated Responses from the H-3 Tests to
Transmissivity

The calculated and observed transient freshwater heads for the
base-case transient simulation and the two sensitivity simulations,
T-case 1 and T-case 2, at the H-3 hydropad are shown in Figure 5.4c.
The calculated drawdown at H-3 for T-case 1 agrees well with the
observed drawdown during the H-3 convergent-flow tracer test and the
H-3 step-drawdown test but is slightly less than the observed drawdown
during the H-3 multipad pumping test. There is good agreement between
the calculated responses and the observed responses during the
recovery period of both of these tests. Conversely, lower global
transmissivities produced a poorer agreement between calculated and
observed responses than was determined for the base-case transient
simulation.

The calculated responses at the H-1 and H-2 boreholes to the H-3 tests
were significantly altered Dby variations in the assigned
transmissivities. The absolute magnitudes of the drawdowns at H-1 and
H-2 were increased when the transmissivities were lowered and reduced
when the transmissivities‘were raised. For H-1 and H-2, the best fit
to the observed relative drawdown and recovery rate was generally
obtained in the base-case simulation. This implies that the
calibrated transmissivities between H-1, H-2, and H-3 are probably
representative and that the calculated responses at the H-1 and H-2
boreholes can be improved by reducing the large drawdown caused by the
shafts.
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The calculated responses for the base-case and sensitivity simulations
for the H-11 and DOE-1 boreholes are shown in Figures 5.4f and 5..4g.
At both locations, a factor of two increase in the global transmis-
sivities improved both the calculated drawdown and the calculated
recovery for the time period after April 1984 in response to the H-3
tests. Therefore, the model transmissivities between H-3, DOE-1, and
H-11 are slightly lower than necessary to reproduce the observed
transient responses.

5.2.3 Sensitivity of the Calculated Responses from the H-4 Test to
Transmissivity

The calculated and observed responses during the H-4 convergent-flow
tracer test for the base-case transient simulation and the two
sensitivity simulations are shown in Figure 5.4d. The best fit of the
calculated responses to the observed respdnseé occurred when the
global transmissivities were two times the base-case transmissivities.
The calculated freshwater head values are also much closer to the
observed head values than for the base case. Thus, the model
transmissivities in the H-U4 area are slightly lower than necessary to
reproduce the observed transient responses.

5.2.4 Sensitivity of the Calculated Responses from the WIPP-13
Pumping Test to Transmissivity

In the base-case transient simulation, the calculated drawdown at
WIPP-13 during the WIPP-13 multipad pumping test was approximately
twice the observed drawdown. An increase in the global model
transmissivities by a factor of two significantly reduced the
difference between the calculated and the observed drawdowns as shown
on Figure 5.4j. Alternatively, in the T-case 2 simulation, Figure
5.4j shows that multiplying the global transmissivity by 0.5 created a
greater calculated drawdown and delayed recovery at WIPP- 13
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The calculated drawdown of H-6 best represents the observed drawdown
when the global transmissivities are decreased by 50 percent
(Figure 5.4e). The calculated drawdown at DOE-2 was improved from the
base case>wheh the global transmissivities were decreased by a factor
of two (Figure 5.4h). However, the calculated recovery at DOE-2 is
closer to the obsérved recovery using the base-case transmissivities.

The calculated responses at WIPP-12, WIPP-18, WIPP-19, WIPP-21, and
WIPP-22 were not significantly improved by either of the global
changes to the transmissivity field. Figures 5.4i and 5.4k show the
calculated responses at WIPP-12 and WIPP-22 as examples of the
simulations at these wells. At both wells, the difference between the
calculated and observed fqéshwater heads is reduced by increasing the
global transmissivity. Because drawdowns during the WIPP-13 pumping
test were not adequately:simulated at these wells, future modeling
studies will require additional local changes to the hydrogeologic
parameters to improve the simulated responses at these locations.

5.3 Sensitivity of the Transient Calculated Freshwater Heads to

Storativity

The storativity used in the initial or base-case transient simulation
was 2 X 10_5. Two transient simulations were performed to determine the

sensitivity of the calculated freshwater heads to storativity. In these

simulations, the transmissivity distribution was the same as for the

base-case or calibrated steady-state model. In the first simulation,

S-case 1, the storativity was increased to 5 x 107°. The storativity

used in the second simulation, S-case 2, is 1 x 10™°. The magnitude of
the global changes in the storativity are approximately the same as the
global changes to the transmissivities used in the sensitivity analysis

of transmissivity described in Section 5.2.
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5.3.1 Sensitivity of the Shaft-Induced Responses to Storativity

Reducing the storativity by one-half yielded approximately the same
pressure response at the shaft grid block as increasing the trans-
missivity by a factor of two. The differences between the calculated
and observed responses at H-1, H-2, and H-3 due to shaft events
(Figures 5.5a, 5.5b, and 5.5¢) in the S-case 1 and S-case 2
simulations are not signifieantly different than the results
determined in the T-case 2 and T-case 1 simulations, respectively.
Thereforg, local changes to both the transmissivity and storativity
will have to be made to reduce the differences between the calculated
and observed responses.

5.3.2 Sensitivity of the Calculated Responses from the H-3 Tests to
Storativity

The calculated and observed freshwater heads for the sensitivity
Simulations, S-case 1 and S-case 2, at the H-3 hydropad are illus-
trated in Figure 5.5c. As expected, the changes in stbrativity did
not affect the resdlté as much as the changes in the transmissivity.
Generally, using a higher storativity reduced the drawdowns determined
in the base-case simulation by approximately 6 to 10 m during the
various tests at H-3. Alternatively, using a lower storativity
increased the calculated drawdowns in the base-case simulations by 4 m
to 6 m. In general, the higher storativity improved the comparison
between the calculated and observed responses to post-1984 testing
activities at H-3.

Figures 5.5a and 5.5b show the S-case 1 and S-case 2 simulations for
the H-1 and H-2 boreholes. The base-case storativity produced' the
best relative drawdown at H-1. However, a lower storativity reduced
the difference between the calculated and observed drawdowns at H-2.
Using a storativity of 1.5 x 10™ between H-3 and H-2 will probably
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reproduce the observed relative drawdown given the same Dbase-case
transmissi?ity between these boreholes (approximately
1 x 10'6 m2/s). This storativity value is slightly lower than the
value of 3 x 1072 that was determined by Beauheim (1987a) in
interpreting the response at H-2 due to pumping at H-3. This 1is
partly because the model transmissivities between H-2 and H-3 are
slightly different than the average value he reported.

The calculated responses at H-11 and DOE-1 to the tests at H-3 in the
S-case 2 storativity simulation contain slightly higher calculated
drawdowns than the base-case simulations as shown on Figures 5.5f and
5.5g. The results indicate that a storativity between the S¥case 2
aﬁd the base-case storativity in the vicinity of the 2 wells is
probably necessary to simulate the observed drawdowns at these
wells. The simulation using the higher global transmissivity,
T-oasé 1, provided the best match to the recovery data at both of
these locations (Figures 5.4f and 5.4g).

5.3.3 Sensitivity of the Calculated Responses from the H-U4 Test to
Storativity

Adjustments to the global storativity did not significantly reduce the
differences between the calculated and observed transient freshwater
heads in the vicinity of the H-U4 hydropad. An increase in storativity
(Figure 5.5d) did reduce the drawdown duﬁing the H-4 convergent-flow
tracer test, but the reduction in calculated drawdown was not as great
as that calculated wusing an increased global transmissivity
(Figure 5.4d). Increases in both the transmissivity and the
stobﬁtivity may be needed to reproduce the transient heads at the H-4
hydropad adequately.
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5.3.4 Sensitivity of the Calculated Responses from the WIPP-13
Pumping Test to Storativity

In the base-case simulation, the maximum calculated drawdown at
WIPP-13 was approximately 20 m greater than the observed drawdown.
Increasing the global storativity to 5 x 10“5 lowered this difference
to approximately 15 m, whereas decreasing the global storativity
increased the difference to about 22 m (Figure 5.5j). In contrast, a
decrease in the global storativity improved the éalculated results at
H-6, DOE-2, WIPP-12, WIPP-18, WIPP-19, WIPP-21, and WIPP-22.

Figures 5.5e, 5.5h, 5.5i, and 5.5k show the calculated and observed
transient responses at H-6, DOE-2, WIPP-12, and WIPP-22. Significant
reductions in the differences between the calculated and observed
responses are obtained at these locations using a lower storativity.
In the T-case 1 and T-case 2 simulations (Section 5.2), the changes to
the global transmissivities did not significantly improve the results
at these boreholes. Only minor improvements resulted when the trans-
missivity Qas incréased by a factor of two. Therefore, in order to
reproduce the observed drawdowns during the WIPP-13 pumping test at
these boreholes, the transmissivity should be further increased and
the storativity should be decreased.

5.4 Summary of Transient Simulations

In the base-case transient simulations, the calculated drawdowns at the
pumping wells H-2, H-3, H-4, and WIPP-13, are a factor of two greater
than the observed drawdowns. The calculated drawdowns at H-1, H-2, and
H-3, due to the hydraulic stresses caused by shaft events, are also a
factor of two greater than the observed drawdown. The calculated
drawdowns at P-14, DOE-2, and H-6 in response to the WIPP-13 pumping
test adequately reproduce the observed drawdowns. The calculated
drawdowns at H-11 and DOE-1 due to the H-3 pumping test are also similar
to the observed drawdowns at these boreholes.
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Sensitivity simulations. were performed to detenﬁine the effect of the
magnitude of the model transmissivities and storativity on the
calculated transient freshwater heads. The simulations demonstrate that
higher transmissivities are needed at H-2, H-3, H-4, and WIPP-13. 1In
addition, lower transmissivities are necessary between the shafté and
H-1, H-2, and H-3, and a higher transmissivity, low-storativity zone is
required between WIPP-13 and the WIPP wells in the vicinity of the
shafts to reproduce the observed transient responses.

=18 /5~20
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6.0 CONCLUSIONS

The advent of new hydrogeologic data from testing at the WIPP-site

boreholes has enlarged the hydrogeologic data base used in hydrologic-

characterization studies of the WIPP-site area. The purpose of this

second interim modeling report is to provide an updated numerical

simulation of the ground-water flow in the Culebra dolomite based on the

hydrogeologic data base as of November 1987. The main conclusions are

presented below.

(1)

(2)

(3)

The calibrated transmissivity distribution contains the same
general trend over the model area as the observed transmissivities
with predominantly lower transmissivities (<1 x 1077 m2/s) east of
the WIPP-site boundary, intermediate transmissitivities in the
central part of the model area (1 x 10'6 to 1 x 1074 mé/s) and
high transmissivities (>1 x 1073 mz/s) in the western part of the
model area representing Nash Draw. Local differences to the
general trend are present west of WIPP-30 and WIPP-26 and between
H-17 and P-17. The transmissivities in these areas were increased
to reduce thé differences between the calculated and observed
heads below the uncertainties of the observed heads. The high-
transmissivity feature between H-17 and P-17 is less transmissive
than a similar feature proposed in Haug et al. (1987).

The steady-state calibrated freshwater heads 1illustrate 1low
hydraulic gradients (1 x 10'u m/m) north of the WIPP-site boundary
between WIPP-28 and DOE-2 and south of the WIPP-site boundary
between H-17 and H-7. Higher gradients (4 x 1073 m/m) occur in
the central part of the model area.

The model-calculated ground-water—flow directions are
predominantly south to southwest. The largest volume of ground
water enters the model area through the northern model boundary
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(4)

(5)

(6)

and enters the high-transmissivity area along the western part of
the model representing Nash Draw. A significant portion of the
ground water within the WIPP-site boundaries passes through the
nigh-transmissivity zone south of H-11 and exits the southern _
boundary of the model area east of H-7. The model-calculated flow
directions support conclusions from prévious modeling and isotopic
studies that the ground-water chemistry is not at steady state
with respect to ground-water flow.

The calculated Darcy velocities range over six orders of magnitude
in the model area. The highest velocities (1 x 1077 to 1 x 1070
m/s) occur in the-western portion of the model area representing
Nash Draw. Darcy velocities within the WIPP-site boundary range
from approximately 5 x 10710 m/s in the vicinity of the shafts to
1x 1079 m/s in the high-transmissivity zone south of H-11. Darcy
velocities of 1 x 10712 m/s occur east of the WIPP-site boﬁndapy.

A sensitivity analysis of the calculated freshwater heads to the
high-transmissivity zone between H-17 and P-17 determined that
differences between the calculated and observed heads in the
vicinity of H-11 ranged from 3 to 8 m with transmissivity values
between H-17 and P-17 (2 x 1070 m2/s) three times higher than
those in the initial kriged estimates (6 x 1077 m/s). The
differences were reduced to 1less than six meters when the
transmissivity values between H-17 and P-17 were increased to 6 x
1076 m2/s, one order of magnitude higher than the initial kriged
estimates. The differences were ultimately reduced below the
uncertainties of the observed heads when the transmissivities
between H-17 and P-17 were increased to 5 x 1072 m2/s.

The steady-state calibrated transmissivities adequately reproduce
the observed drawdowns at P-14, DOE-2, and H-6 during the WIPP-13
multipad pumping test. The calculated drawdowns at H-11 and DOE-1
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during the simulation of the H-3 multipad pumping test are also
similar to the observed drawdowns. The steady-state calibrated
transmissivities do not adequaéely reproduce the observed
transient responses generated from the shaft events or the
observed drawdowns at the pumping wells used in the simulation,
H-2, H-3, H-4, and WIPP-13. Generally, the calculated drawdown at
these wells is a factor of two greater than the observed drawdown.
Similarly, the calculated dfawdown due to the shaft events is a
factor of two greater than the observed drawdown at H-1, H-2, and
H-3.

(7) Sensitivity analyses performed to determine the effects of the
model transmissivities and storativity wupon the calculated
transient heads indicate that adjustments to the steady-state
calibrated transmissivities are necessary to reduce the
differences between the calculated and observed transient data.
These analyses indicate (1) lower transmissivities are required
between the shafts and H—T, H-2, H-3, and the WIPP wells in the
vicinity of the shafts; (2) higher transmissivities are necessary
in the vicinity of H-2, H-3, H-4, and WIPP-13; and (3) a higher
transmissivity, low-storativity zone between'WIPP—13 and the WIPP
wells in the vicinity of the shafts is necessary to reproduce the
observed transient responses.
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