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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 re:3ulted 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 foe the

numeri cal modeling, using variable-fluid-densi ty and a slngle-porosi ty

formulation. The variable-fluid-density approach does not, at this stage,

include changes in brine density within the model due to the pcesent flow

field or due to local reactions, such as halite dissolution. The spatial

scale of the model, 24 krn by 25 krn, 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 Culebra

using two approaches: (1) steady-state modeling to develop the best

estimate of the undisturbed head distribution, i.e., of the si tuation

before sinking of the WIPP shafts, which began in 1981 j and (2)

superimposed transient modeling of local hydrologic responses to

excavation of the three WIPP shafts at the center of the II'lIPP site, as

well as to various well tests. Boundary conditions (prescdbed constant

fluid pressures and' densities) were estimated using hydraulic-head and

fluid-densi ty 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.
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The initial spatial transmissi vi ty 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

resul ting transmissivity distributions are very similar with low

transmissivities « 1 x 10-7 m2/s) in the eastern model area, intermediate

transmissivities (1 x 10-6 to 1 x 10-4 m2/s) in the central part of the

model area, and high transmissivities (> 1 x 10-3 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 transmissi vi ties.

AKRIP was used in the estimation of the transmissi vi ty distributions

during calibration.

The steady-state calibrated transmissivity distribution contains a

relatively high-transmissivity zone between wells H-17 and P-17. Modeled

transmissi vi ties within this zone are approximately 5 x 10-5 m2;s. The

location of the zone is approximately the same as that proposed in a

previous interim modeling report, but the transmissi vi ty 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-l and H-l1 below the

uncertainties of the observed heads. The final transmissi vi ty

distribution is also characterized by a relatively large area of low

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 WIP? 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 histor'y 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-4 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 ffiultipad 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 calibr'ated

transmissivities do not adequately reproduce the observed transient

r'esponses generated from the shaft events or the observE~d 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 ar'2 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.

Sensi ti vi ty analyses performed to determine the effects of the model

transmissi vi ties and storati vi ty upon the calculated transient heads

indicate that adjustments to the steady-state calibrated transmissi vi ties

are necessary to reduce the differences between the calculated and

observed transient data. These analyses indicate: (1) lower

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 transmissi vities

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 inte~im ~epo~t 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

rep~esents ~ecent progress towards a comp~ehensive modeling study

characte~izing the regional hydrogeology of the Culeb~a dolomite of the

Rustler Formation at the WI?? site. The next step will incorporate the

~esults 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 WI?? site. Improvement of the agreement between

the observed and the calculated transient f~eshwater heads by additional

calib~ation efforts is also planned. In addition, adjoint-sensitivity

techniques will provide quantitative estimates of sensitivities of model

~esults to the spatial dist~ibution of the model paramete~s and the

bounda~y conditions. The final ~eport 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 wi th the Consultation and Cooperation Agreement between the

U. S. Department of Energy and the State of New Mexico. Efforts have

included regional and local geologic, geochemical, and hydrogeologic

characterization. Sandia National Laboratories is coordinatin~ the

hydrogeologic studies on behalf of the Department of Energy. This report

represents a summary of wOr:'k conducted to date on developing a ground

water model for the CUlebra Dolomite Member of the Rustler Formation on a

regional scale around the WIP? site. This work was performed by INTERA

Technologies under:' contract to Sandia National Laboratories.

The CUlebra dolomite is the most transmissive, laterally-continuous,

hydrogeologic unit above the Salado Formation. It is considered to be the

principal pathway for radionuclide transport in the subsurface should an

accidental breach of the reposi tory 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 hydrologic environment

are also presented. 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 fran this study and their signif ieance 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 this report are to:

(1) document the hydrogeologic data base for the Cul,:?bra at the WIPP

site (including Culebra elevations, transmissivities, storativi

ties, formation-fluid densities, undisturbed equivalent freshwater'

heads, and hydrologic stresses during the period 1981-1987);

(2) continue the development of a conceptualization and modeling

strategy for describing ground-water' flow in the Clllebra; and

(3) present the calibration approach and results for s.imulating ground

water flow in the Culebra under undisturbed hydraulic conditions

and under tr'ansient condi tions (1981 to 1987) resulting fran shaft

activi ties 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

mul tipad 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

encanpasses the WIPP site and its immediate surrou..ndings. 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:

o Final Environmental Impact Statement (FEIS), U.S. DOE (1980) and

WIPP Safety Analysis Report, U.S. DOE (1981);

o Cole and Bond (1980);

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

oBarr et al. (1983);

o Haug et al. (1987);

o Niou and Pietz (1987);

o Davies (1988).

The approximate areal extent encompassed by these models is illustrated

in Figure 1.2.

The hydrogeologic data base at the WIP? site has been signiflcantly

expanded in the period 1985-1987. Modeling studies before 1985

utilized a smaller data base for characterizing the Culebra. These

earlier studies, the inter'im 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 presented in the Final Environmental Impact
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Statement and the WI?? Safety Analysts Repor't (SAR) wer'e conducted by

INTERA dudng the pedod 1977-1980. The objectives of these studies

wer'e to:

(1) check the consistency between var'ious sets of hydr'ogeologic

data;

(2) calculate the extent of ver'tical hydraulic corrmunication between

various hydrologic units;

(3) delineate heter'ogeneities (Le., spatial variation

permeability) existing within each geologic formation;

of

(4) determine potentials and/or' hydr'aulic conducti vi ties in ar'eas

wher'e data are lacking; and

(5) determine boundar'y conditions for local scenario and nucl ide

transport modeling.

The hydr'ologic data base of the above-mentioned studies was obtained

principally fr'orn 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 WI?? site. The hydrogeologic units included in the

modeling studi es 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 Pond (1 980) conducted a benchmar'k ChE~ck of the model ing

studies done by INTERA for the FEIS. The Cole and Bond study,

per'for'med on behalf of the Office of Nuclear Waste Isolation (ONHI),
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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

mul tilayer model which solves the Boussinesque equations for ground

water flow and allows hydraulic canmunication between layers with an

interaquifer transfer coefficient. The results of their modeling

studi es showed a very close correspondence 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 p~rameters.

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 an~

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.

HO 9700 R55 4 1-5



The model area was selected to include the majori ty of hydrologic

wells and most of Nash Draw. The Culebra and tvIagenta do.rlomites wer'e

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 al!Jng selected

streamlines were presented. Results of this effort indicated slower

ground-water movement than presented in pr'evious repor'ts.

1.2.2 Interim Report by Haug et al. (1987)

In 1986, INTERA began new modeling s tudies of the CUlebra dolomi te

(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 fir'st step toward a regional model

capable of simUlating ground-water flow and tran:3por't at the

WIPP site and its sUr'roundings.

INTERA I S efforts resulted ina single-layer. model of the Culebr'a

dolomite with an area of 12.24 x 11.7 km. SWIFT II, a three

dimensional f ini te-differencecode with variable fluid density and

double-por'osi ty formulation, was used in the study. Tr'he 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 Culebr'a dolomite was modeled in two steps:

(1) steady-state modeling of the best estimate of the undisturbed

hydraulic conditions, and (2) transient modeling of the hydrogeologic

conditions r'esulting from excavating three shafts at the center' of the
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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 densi ties, and the difference plot

between calculated and observed fonnation-water densities are shown in

Figures 1.5, 1.6, 1.7, 1.8, and 1.9, respectively. The transient

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-ll/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-l1 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 low

salinity (1.0 to 1.02 g/cm3) exist hydraulically down-gradient

from regions of intennediate salinity (1.04 g/cm3). TI1e ground

water density distribution in the Culebra dolomite is probably

not at steady state at present.

(7) The model-calculated ground-water' density distr'ibution is highly

sensitive to vertical flux into the Culebr'a.

(8) The shaft excavati ons 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 cesulted in generally good

agreement between model-calculated and obsecved freshwater-head

histories.

(10) At the model scale, the implemented

adequately simulated using a

(equivalent porous medium).

transient processes can be

single-p~rosity appr'oach

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 invecse code known

as INVERT. The model uses a maximum-likelihood fr~lework coupled with

a flow model based on finite-element techniques to calculate the

formation parameter's (transmissivity and storativity) from the

observed transient responses in the obser'vation wells. The objectives

of theic investigation were (Niall 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 along with associated uncertainties;

(2) Compare model results with other modeling studies for the

purpose of corroboration; and

(3) JUdge the suitability 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 during the H-3 mul tipad

pumping test. The model utilized the transmissivity data base

presented in Barr et a1. (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-transmissi vi ty 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-l1 zone, and a zone of high

transmissi vi ty 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-21 and WIPP-22.

(2) The transmissivity ranges calculated by INVERT generally agree

with the modeling study by Haug et a1. (1987) using SWIFT II,

with the exception of the area between H-3 and the Waste

Handling Shaft, where INVERT postulated a high-transmissivi.ty

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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deter-minations (e.g., tr-ansmissivities) and the inability to

assign uncer'tainties to the obser-ved water--level data because of

the complex prepumping trends.

Davies (1988) is pr-eparing a report that will include modeling r-esults

for a region that is approximately 36 x 46 km around the WI?? site.

The topics included are a driving-force analysis to evaluate the

importance of var-iable fluid densities on flow directions and

simulations of long-term brine-transport patterns. Analyses were also

per-formed to determine the sensi tivity of the calculatl~d steady-state

heads to the model boundary conditions, model disper~li vity, steady

state var-iable density assumptions, and ver'tical flux. For the

central part of his modeled r'egion, he utilized an approximation of

the calibrated transmissivity distribution presented in Haug et a1

(1987). The conclusions of the modeling investigations ar'e:

(1) The driving-force analysis and simulations indicate that a

region wi th significant density-related effects on flow

direction is present just south of the WI?P-si te i)oundary.

(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 eas t of

WI??, and are highly variable in the intermediate zone.

(4) Vertical flux is a possible source of fluid for' the CUlebr-a.

The sensi tivi ty of the calculated steady-state hE~ads to vertical

flux is higher in the easter'n 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 allow 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 is illustrated in Figure 1.2. The model

boundaries were chosen at distances sufficiently far from both the H-3

hydropad and the WIPP-13 borehole so as not to be wi thin the region

affected by the pumping at both locations.

The modeling methodology consisted of the following steps:

(1) developing and documenting the hydrogeologic data base (1. 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 response 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 acti vi ties of the regional hydrologie characterization

program. The transient model utilizes the pcessures and brine

concentrations of the calibrated steady-state model as ini tial

conditions. The calcUlated transient freshwater heads are

compared to 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 tl'ansient freshwater

heads by additional calibration efforts is also planned. In addition,

adjoint-sensiti vi ty techniques will provide quantitative estimates of

sensitivities of the model results to the spatial clistribution of the

model parameter's and the boundary conditions. The final repot't is

planned to be issued in early 1989.
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2.0 SITE CHARACTERIZATION

2.1 General

The WIPP si te lies wi thin 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

wi thin the southern section of the Pecos River portion of the Great

Plains Physiographic Province. Los Medanos 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 uni ts 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 Guadalllpian

Series and contain a thick evaporitic sequence which accumulated in the

Delaware Basin during Permian 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 Tamari sk Member composed of two zones of massi ve to bedded anhydri te

separated by a thick sequence of hali te and siltstones; (4) the Magenta

Dolomi te 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 Formati on lithology presented above represents the

lithological succession encountered in borehole p-18 which Snyder (1985)

believes to be a complete unaltered section. The RustIer 1 ithology

varies across the model area. Further discussion of this variability is

contained in Section 2.4. The Rustler Formation is confoCITlably overlain

by the Upper Permian Dewey Lake Red Beds, a ser-ies of intE:r-bedded sil t

stones and sandstones. These beds have prevalent vertical fractures

which are generally gypsum filled.

In the eastern portion of the WIPP si te, the Dewey Lake Red Beds are

unconformably overlain by a Triassic clastic sequence deposited in a

transi tional depositional complex of fluvial, deltaic, and lacustrine

environments. These uni ts are collecti vely 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 Gatuna

Formation, the Mescalero caliche, and recent alluvium and other

surficial deposits.' The Gatuna Formation consists of a sequence of pale

reddish-brown terrestrial sandstones and conglomerates which were laid

down after a maximum cycle of erosion wi thin the Peco~ Ri ver Valley

during a much more humid pluvial time (Ihchman, 1980)" Izette and

Wilcox (1982) dated an ash bed in the upper portion of the Gatuna 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 deposi tion of

the Gatuiia Formation (B3.chman, 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 surf icial deposits which consist of sheetlike

deposits of surface sand, sand soil, and sand dunes.

2.3 Regional Hydrogeology

In this report, the discussion of the regional hydrogeology will be

limited to the Rustler Formation and the uppermost Salado Formation.

The hydrogeology of the i ndi vidual hydros tratigraphi c uni ts wi 11 be

discussed in ascending order from the Rustler-Salado contact.

The Rustler-Salado contact residuum is transmissive in some areas around

the WIPP site (Mercer, 1983). In 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 transmissi vi ty

of this interval decreases. Transmissi vi ties for the Rustler-Salado

residuum range from 2 x 10-10 to 9 x 10-6 m2/s in Nash Draw and from

3 x 10-11 to 5 x 10-8 m2/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, 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-Iower-member siltstone and the Rustler-Salado

contact, and reported the transmissivity of this interval to be about

3 x 10-10 m2/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 ~3Urface. Reported

values for transmissi vi ty in the Culebra in the Nash Draw area cange

fcan 2 x 10-5 to 1 x 10-3 m2Is (Mercer, 1983). Wi thi.n the model acea,

the transmissivities range fran 1 x 10-9 to 1 x 10-3 m2 /s. Hydraulic

gradients in the Culebca at the WIPP site generally range from

1 x 10-3 m/m to 4 x 10-3 m/m (Mercec, 1983). As a general tcend, total

dissolved solids in Culebra ground waters increase from west to east

across the WIPP site and the model area.

The Tamacisk Member of the Rustler sepacates the Culebra dolomite from

the Magenta, and is composed of a thick sequence of halite and silt

stones sandwiched between an upper and lower anhydrHe. The Tamar'isk

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 pemeability of the unit.

Mercer (1983) ceported that in a few cases argillaceous zones within the

Tamarisk Member have produced water at eqUivalent rates to the Magenta

upon testing.

Ground water in the Magenta dolomi te generally flows fcan the north

toward the westsouthwest (Hercer, 1983). In most areas east of Nash

Draw, and east and south of the H-6 hydropad, the Magenta exists as a

conf ined system wi th very low transmissi vi ty (less than or equal to

4 x 10-7 m2 /s). The difference between Magenta and CUlebra hydcaulic

potentials generally incceases eastwacd, wi th the Magenta having highec

potentials. In areas of Nash Dcaw, the Magenta is generally at water

table condi tions 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 is unsaturated. Magenta transmissi vi ties range as high as

4x 10-4 to 6 x 10-4 m2/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-1 4, l3eauheim (1 98Th) performed dri ll-stem

tests upon the Forty-niner and determined that transmissivities were

approximately an order of magnitude higher than in the Magenta at H-14.

The average value of transmissi vi ty calculated for the Forty-niner was

6 x 10-8 m2/s as opposed to 6 x 10-9 m2/s for the Magenta. l3eauheim

(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 l3eauheim (1986) for DOE-2 is 7.3 x 10-9

m2/s. Drill-stem tests of the Forty-niner claystone at H-16 provided a

transmissivity estimate of about 6 x 10-9 m2/s, lower than that of the

Magenta at H-16 (l3eauheim, 1987b).

Although the Rustler-Salado residuum, the Culebra Dolomi te 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 1'1ember have produced water at equivalent

rates to the Culebra or the Magenta upon testing (Mercer and Orr, 1979;

l3eauheim, 1986) .

2.4 Regional Dissolution in the Rustler Formation

Post-deposi tional dissolution wi thin the Rustler Formation is observed

both at the surface within Nash Draw, and in the subsurface at the WIPP

site (B3.chman, 1987). Nash Draw, located immediately west of the WIPP
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si te, is a depression resulting from both dissolution and erosion. In

Nash Draw, members of the Rustler are actively undergoil1g dissolution

and locally contain caves, sinks, and tunnels typical of karst

morphology in evaporitic terrane. Lowenstein (1987) found evidence for

signif icant post-deposi tional, late-stage dissolution of the Rustler at

the WIPP si te based on a detailed sedimentologi c and petrologi c core

study.

B3.chman (1980) identified three types of dissolution oCI~urring in the

Delaware Basin: local dissolution, regional dissolution, and deep

seated dissolution. Of these, regional dissolution is t.he type which

has the most potential to dictate or alter the flow characteris tics of

the Rustler Formation underlying the WIPP si teo Regional dissolution

occurs when chemically unsaturated water penetrates 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 hal i te, 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. In his

stUdy, Snyder (1985) concluded that the regional dissolution was

greatest in the west and decreased eastward evidenced by an increase in

the number and thickness of hal i te beds and a corresp::mjing 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 westward toward Nash Draw, the

uppermost salt is found in progressively deeper horizons of the Rustler.

Thi s impli es that, as a general trend, the eastward ad van cement of the

dissolution front is greatest in the upper Rustler and decreases as one

gets nearer to the Rustler-Salado contact. As the halite uni ts are

dissolved, insoluble residues remain, forming 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 zone 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 limits

(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 features and post-depositional alteration

features within the Rustler. Lowenstein (1987) could correlate

structures, both syndeposi tional and post-deposi tional, over the study

area and concluded that facies changes were not responsible for the

westward decrease in halite wi thin the Rustler in the study area.

Lowenstein (1987) found evidence of late-stage al teration involving

physical processes such as brecciation, slumping, fracturing, and

faul ting, as well as chemical processes such as rehydration of anhydr'i te

to gypsum, precipitation of gypsum, and dissolution of halite,

anhydrite, and gypsum. Thus, the stUdy of LCMenstein supports the

theory of a post-depositional 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 ft:'actured

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 decreases, the tran:3missivity 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 wi thin the Rustler in the past, there i~l some controversy

over whether this dissolution front is still active. Within the last

1.8 million years (Pleistocene), the climate in southE!aster'n New Mexico

has var'ied between periods of cold, moist continental glaciation to

relatively war'm and arid periods (Bachman, 1987). In Hiddle Pleistocene

time, approximately 500,000 years B.P., southeastern NE~w Mexico received
precipitation which well exceeded the evapotr'anspiration. This per'iod

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 temper'atures wer'e lower

(Bachman, 1987). Bachman (1987) believes that most of the dissolution

in the Rustler predates, or occurred during, Middle Pleistocene (Gatuna)

time. However, he suggests that dissolution is ongoing in Nash Dr'aw and

areas very close to Livingston Ridge. T't1rough the interpretation of

radiocar'bon data (Lambert, 1987) and stable isotopes (Lambert and

Harvey, 1987), Lambert has suggested that r'echar'ge and subsequent

dissolution of the Rustler ended after the more pluvia.l 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 specifically 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.

Lambert and Harvey (1 987) used oD and 0180 of waters from the Rus tler

and modern sources to determine if the Rustler ground water infiltrated

under similar climatological condi tions as are present today in

Southeastern New Mexico. Figure 2.4 plots stable-isotope compositions

for the Culebra and modern waters in OD/0
18

0 space (Lambert and Harvey,

1987). In 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 oD/o 180 space, the Rustler is 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 fonnations in southeastern New Mexico

were isotopically similar and that all were representative of recharge

occurring under climatic condi tions similar to those existing today.

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 234U/238U activity ratios to try to

determine residence times, isolation times, and travel Umes for waters

wi thin the Rustler aquifers. Lambert and Carter (1987) observed an

increase in total carbon from east to west and a decrea.se in acti vi ty

ratio from east to west. Accor-ding to theory, high activity r-atios

evolve downgradient from areas of recharge. Lamber-t 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 wi thin the Culebr-a. The f ir-st flow

dir-ection was eastward and r-epr-esented a r-echarge event fcom the west at

least 10,000 to 30,000 year-s B. P. accounting for- the e~3tward incr-ease

in activity ratio. The second flow direction was westward after- the

cessation of r-echar-ge and accounts for- the pr-esent total-uranium

systematics. The thir-d flow dir-ection is the pr-esent southwar-d tr-end

which is assumed to be recent and of short enough duration to not hav8

alter-ed the ur-anium systematics.

Lambert (1987) also studied the feasibility of the use of 14C and other

nuclides for their potential in geochronologic applicaUons for ground

waters in the Rustler Formation in southeas ter-n New Mexico. From the

samples taken, no 36Cl or- significant concentr-ations of 3H were

measur-ed. He determined that the majori ty of the samples taken were

contaminated with respect to 14C by mul tiple sources (e.g., drilling

fluid). For the wells which appeared to be least contaminated, percent

modern carbon and 013C were used with the model of Evans et al. (1979)

to calculate 14C ages. The results were 16,100 year's B.P. for' H-4b,

12,100 year's B.P. for' H-6c, 14,900 year's B.P. for- H-9b, and 14,000 year's
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B.P. for Pocket Well. Because the conditions necessary for reliable age

dating may not be satisfied 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.
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3.0 MODEL CONCEPTUALIZATION

3.1 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

Dolomi te Member in particular. The existing data for' the CUlebr'a

include measurements of tr'ansmissi vi ties, stor'ati vi ties, formation-fluid

densi ties, depths to water', and pressures fr'om the obser'vation-well

networ'k. Constr'uction activities at the WIP? site, such as the

excavation of the shafts at the center of the site, have also pr'ovided

hydrogeologic data. The major'ity of the hydrogeologic data ar'e

published in the following report ser'ies:

1) basic data r'eports (bor'ehole-specifiC r'eports, e.g., Sandia

National Labor'ator'ies and University of New Mexico, 1981);

2) hydrologic data reports (Hydr'o Geo Chern, 1985; INTERA and Hydr'O

Gee Chem, 1985; INTERA, 1986; Saulnier et al., 1987; Stensrud et

al., 1987 and 1988);

3) hydr'ogeologic inter'pr'etive reports (e.g., Mercer', 1983; Beauheim,

1986, 1987a,b,c; Saulnier', 1987); and

4) water-quality data and geochemical interpretive reports (e.g.,

Mer'cer, 1983; Uhland et al., 1987; Robinson, 1987).

The data base used for' this modeling study and a complete listing of

data sour'ces are presented in Appendices A through G. The appendices

include separate data bases for' transmissivity, storativity, fOr'mation-

fluid density, borehole locations, ground-sur'face and Culebra

elevations, and freshwater' heads. Each appendix has undergone

significant internal review and is consider'ed to represent the most

cUr'rent infor'mation about the site.
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The data base was used in conjunction wi th geostatistieal methods to

assign the initial hydrogeologic parameters to each grid, block in the

model. These methods were also appl ied to the undi sturbed freshwater

heads to obtain the initial boundary conditions for the model.

Calibration procedures also util ized geostatistical methods to update

the spatial distribution of hydrogeologic 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 modeling study. More detailed discussions

of the data evaluation and analysis follow. A description of the basic

model properties (e.g., boundaries, discretization, physhlal 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 geologi'~ media. The

processes considered are:

fluid flow

heat transport

dominant-species miscible displacement

trace-species miscible displacement

Dominant-species miscible displacement cefecs to br'ine migration,

whereas trace-species miscible displacement applies to t.he transport of

solutes at concentrations not signif icantly affecting the fluid-flow

parameters. This may include radionuclide-chain transport. The fir'st

three processes are coupled via porosity, fluid density, viscosity and

enthalpy. Together they pr-ovide the velocity field on \fhich 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 sol ved, one for the fracture processes and the other for the

matrix. The fracture-porosity equations describing flow and transport

for the fractured regions are identical to the single-porosity equations

for the nonfractured zone, except for sink terms giving the losses to

the matrix. These equations 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 porosi ty 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 wi th 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 tr'ace species under'going sOr'ption 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 ver'ification-validation tests

(Ward et al., 1984). The steady-state and transient simulations

pr'esented in this study will employ the steady-state and transient flow
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equations wi th variable fluid density. Brine tramlport will not be

calculated during the steady-state or transient simulations because the

flui d dens Hi es wi 11 be fixed over space. The" time cons tant" to

achieve steady-state condi tions for fluid densi ties in the WIPP area is

considered longer (several 1,000 years) than the time constant for flow

(several years). Therefore, fixing the fluid densi ties will maintain·

the densities observed 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

3.3.1 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-we~;t and 25 km in the

north-south directions. The locations of the boun1jaries of the model

were chosen to maximize the ability to determine appropriate boundary

condi tions and minimize the effect the boundaries may have on the

transient modeling results for theH-3 and WIPP-13 multipad pumping

tests. The western boundary lies within Nash Drmi, which is assumed

to be a major condui t for ground-water flow toward the south. The

other boundaries of the model do not coincide with physical hydrologic

boundaries. However, the uncertainty of the bow1dary conditions is

minimized by utH izing hydrologic information fcan far-field wells

(e.g., H-7b, H-l0b, 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)

H09700R554 3-4



was selected to facilitate the successful reproduction of both steady

state and transient heads by reducing the numerical problems

associated wi th coarse gridding. The horizontal dimensions of the

grid are listed in Table 3.1 along wi th the U1M 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 for

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

Slrvey, 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, 1981a,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 Culebra dolomite has been documented in the

repor'ts r'eferenced above on the WIPP-ar'ea bOr'eholes. Appendix B

contains the gr'ound-sur'face elevations and the depths to the

Culebr'a. Based on that, the Culebra elevations at the bOr'ehole

locations in the WIPP ar'ea wer'e calculated. The elevations of the

center' of the Culebra r'ange fr'om 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 (Kafri tsas 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. Generally, the Culebra dips slightly to the southeast.

However, the dip increases locally wi thin sections of the model area

(e.g., the northeast corner of the model area).

3.4 F'hysical Model Constants

SWIFT II requires the specif ication of a number of fluid and rock

property constants that are used mainly in transient calculations.

One of these parameters is the POr:'osity of the rock. Matrix-porosi ty

data of the Culebr:'a dolomite wer'e obtained from laboratcr'y analyses on

cores taken from several bor'eholes in the WIPP ar'ea (Core

Laboratories, 1986). The r'esulting porosities range frem 7 to 30%. A

value of 16% was chosen as r'epresentative for the model ar:'ea.

Other parameter constants that r'equire specification include fluid

viscosity, fluid and rock compressibilities, fluid thermal expansion,

fluid and t'ock heat capaci ties, freshwater density, and brine fluid

density. Table 3.2 lists the values assigned to each of these

constants in this modeling study and the per'tinent refer'ences fro'll

which these par'ameters were taken. A detailed justif ication for the

selection of these values is presented in Haug et al. (1987).
However, note that since isothermal conditions ar'e asswned to eXist in

the modeled region, the specification of some of the above parameters

(e.g., thermal expansion and heat capacity) is a mer'e formality as a

model- input data r'equirement and has no impact on the model r'esults.
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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 fran 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. Relati ve-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 particUlar 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-tes t

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

transmissi vi ty 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 10-5 m2 /s (log transmissivity of -5) and 1 x 10-6 m2 /s

(log transmissivity of -6).

Transmissi vi ty values determined fran slug tests also range over

several orders of magnitUde. However, most of the values occur

between 1 x 10-6 m2Is (log transmissi vity of -6) and 1 x 10-7 m2Is

(log transmissivity of -7). The DST distribution is very similar to

the slug-test distribution with the largest number of log

transmissi vity values falling in the -6 to -7 log m2Is interval.

Thus, the mean log transmissivity values for these two distributions

lie between -6 and -7 log m2/s.
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The large differences in the above transmissivity distributions result

frem the heterogeneous nature of the Culebra dolomi tE~. This results

in a wide range of possible transmissi vi ty 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 transmi ssi vi ty dist ri buti.ons also reflect

the volume of rock stressed during a hydrogeologic tE:st which is both

test and site specific. For example, while at one location the

permeabil itymay 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 transmissi vi ties 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. descri bes the rationale used to assign transmissi vi ty

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 m2/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 determining

representati ve 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 wi th the

transmissivity data, the variances and the standard deviations (0) of
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the transmissi vi ty values at the hydropads or well locations were

calculated (Appendix C, Table C. 2). As discussed in Appendix C, a

minimum standard deviation 0 = 0.25 log m2
Is was assumed for pumping

test results. For the results of other hydraulic-testing data such as

DST's or slug tests, a standard deviation 0 = 0.5 log m2 /s was

considered to be appropriate. Most hydropads or 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 hydraul ic tests have tested a representative

rock volume and that the measurement error is normally distributed,

the standard deviations can be interpreted as uncer.tainty associated

with the transmi ssi vi ty 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 is half an

order of magnitude (20 = 0.5 log m2Is), and for the other hydraUlic

tests it is one order of magnitude (20 = 1.0 log m2/s). The empirical

uncertainties from the hydropads, where reI iable standar.d deviations

could be calculated, generally fall in between these two assumed

values (e.g., at hydropad H-3, 20 = 0.76 log m2
Is). 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

transmissivity field over the model region. This was done in order to

determine the method which provided the more representative spatial

distribution of the transmissivity 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 (Skri van and Karl inger 1 1981), and the MIT general ized kriging

code, AKRIP (Kafri tsas and Bras, 1981), were the two codes used in

this exercise. Ebth have specific advantages and disadvantages.

Universal kriging requires the determination of a semi-variogram which

provides the user wi th geostatistical parameters such as the

correlation length (range) and sill. The uncertainty of the observed

data may also be incorporated into the universal keiging results.

Generalized kriging does not require a semi-variogram in its

mathematical formulation and therefore does not provide the user wi th

this information. The coefficients and order of a polynomial

expression, referred to as a generalized covariance function (GCF),

are determined and subsequently used in the estimation procedure. In

addition, the uncertainty of the observed data cannot t~ accounted for

in the generalized kriging program AKRIP. The following two sections

describe the application of both kriging codes ~ld present the

essential results. A canparison of the results is contained in the

third section.

3.5.3.1 Estimation of Transmissi vi ty Field Using the Universal

Kriging Code K603

The first step in estimating the transmissivity field using K603

consisted of calculating empirical semi-variograITIs based on the

available transmissi vi ty data (Table 3.3). Slch empirical semi

variograms describe the spatial correlation between the observed

data. Figure 3. 7 shows a non-di rect ional as well as two di r-ec

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 par-t (see also

Section 2.4).
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The second step of universal kriging is to determine the

coefficients of a mathematical expression which descri bes 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 linear

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 also 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 transmissi vi ties, referred to as residuals,
wer-e used in the non-dir-ectional 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 log.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

HO 9700 R554 3 -11



selected as the theo~etical model to ~ep~esent the trend-cor~ected

transmissivities based on the shape of the non-directional curve

(Figure 3.8). Theoretical models that are available include

exponential, sphe~ical, linear, and Gaussian (Skrivan and

Karlinger, 1980). Having selected the type of the theoretical

semi-variogram, the range (a) and sill (w) paramete~s were

systematically varied until a spherical ;3emi-variogram was

determined that was statistically consistent wi th the existing

data base. A unique best-fit solution was found for the parameter

canbination a = 3.012 km and w 0.9355 log m2 /s (Table 3.4).

These parameter values are close to the expected values (based on

examination of Figure 3.8). The non-di~ectional semi-va~iogram 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 repo~ted in the p~evious modeling

study of Haug et al. (1987) are:

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

t~ansmissivity data base was much smaller, i.e., data from

only 24 hydropads or well locations were available as compared

to data from 38 locations in this stUdy. [n addition, sane of

the preViously existing data were consider'ably less ~eliable.

Because of the small data base, statistically significant

trends could not be identified, and therefore, trend-co~r'ected

tr'ansmissivities were not used in the p~evtous study.

2. The non-dir'ectional semi-variog~am in the previous modeling

study characterized the spatial correlation of the

tr'ansmissi vi ty data excludi ng the exis tance of a trend. A

larger cor.r'elation length (about 4 km), a larger sill (w

2.05 log m2Is) and an exponential semi -var'iogr'am 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 wi th a shorter correlation

length (about 3 km) and a smaller sill ( w = 0.9335 log m2/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 s ill 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 corr:elation

length from the transmissi vi ty 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

transmissivi ty data. This simplification results in estimation

errors which are likely too low. Nevertheles:s, 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). !he estimated transmissivi ty field shows no significant

differences compared to that displayed in Figur(~ 3.10. The

distribution of the estimation error is charactE~rized 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 (Le., two standard deviations) of approximately +/

one order of magnitude ona 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 Transmissivi ty Field Using t.he Generalized

Kriging Code AKRIP

The estimation of the transmissivity field using AKRIP required

the determination of a theoretical generalized covai~iance function

(GCF) consistent with the logarithms of the Culebra transmissivity

data. The GCF is the theoretical "model" used to estimate the

transmissi vi ties of the model area. The coefficients of the GCF

Yare determined by an i terati ve procedure in whi ch the GCF is

fitted to local "neighborhoods" defined by subsets of the observed

transmissi vity 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 transmissivi ty data wi thin a given neighborhood may

contain a local trend, changing the data defining a neighborhood

may result in changes to the local trend. In addition, as the

number of observed points defining a neighborhood increases, the

scale 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) = -1.794E-04 Ihl

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 error 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

transmissi vity 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 transmissivity values ltlithin 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 boreholes. Her-e the log

tr-ansmissivity values ar-e between -4.5 and -5.0" This area is

considered to be a local high because of the sUr'r-ounding lower' log

transmissivity values.

The estimation er-rors (as defined by one st~1dard devi~tion)

wi thin the model r-egion are highest near the northeast boundary

due to the lack of data in the area. Her-e the err-ors have log

values of 1.5. Within the central portion of thE! model area, the

er-r-ors of the estimate are between 0.5 and 0.75 log m2;s. A

three-dimensional repr-esentation of the ini tial log transmi ssi vi ty

field is presented in Figure 3.13. The log tr~1smissivity field

is presented in terms of negative log tcansmissi vi ty or log

hydraul ic resisti vi ty. Note the low-resisti vi ty cegion to the

west and the high resistivities in the ea:3t. The local

high-transmissivity zone around H-11 appears as a small "crater"

of low r-esisti vi ties sUt'r-ounded by the higher resisti vi ties

defined by P-15, P-17, and H-17.

3.5.3.3 Compari son Between the Resul ts of Uni versal Kriging and

the Results of Generalized Kriging

A compari son between the cesul ts of the two different geos tati s

tical methods, universal kriging (FigUr'es 3.10 and 3.11) and

general ized kriging (Figure 3. 12) , shows both inteces ting

similarities and differ-ences.
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The transmissi vi ties estimated by both methods are consistent in

areas where field data are available. Both methods show a

r'egional east-west trend as well as increased tmnsmissivities in

the ar'ea of WIPP-25, H-6, and DOE-2. Also, the increased

transmissivities at DOE-1 and H-11 and the r'elatively 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 fran the data points, the differences

between the results are larger. In general, universal kriging

(K603) emphasizes the east-west trend more, which results in

relati vely simple, straight contour lines in the outer parts of

the model area. This is because ooi ver-sal kriging assumes a

single linear east-west trend. Deviations fran the general trend

are pr-esent in the contour map only within the correlation length

of about 3 km of the hydropads and wells. In contr'ast,

generalized kriging (AKRIP) uses the local trend def ined 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 different east-west canponent 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 err-ors calculated by either pr-ogram.

A comparison between the estimation errors obtained fran the two

geostatistical methods shows a similarity in the western and

central part of the model area. Generally, the estimatLon errors

provided by AKRIP (Figure 3.12) are 0.25 log m2/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 calculatl~d variance,

tends to be larger than 1.0 if the variance of the es timated

values is lower than the variance of the observed values.

Major differences between the estimation errors fr'om 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 a~d 1.25 log m2/s.

The corresponding values calculated by AKRIP are as i1igh as 1.75

log m2/s. The reason for this large difference lies in the

different methods by which the two codes 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 wi th the estimated trend, the uncertainty

is essentially governed by the sill of the theorl~tical 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 fran

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 general ized kri ging

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 characterized as a

"black-box method" with a restrictive underlying mathematical

formulation which excludes the subjecti vi ty of the us(~r 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

wi thout data, the results differ somewhat because K603 uses a
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~ single tr'end sllr'face and AKRIP uses sever'al local trends def ined

by the nearest data points. Since local trends are pr'obably mOr'e

consistent with the obser'ved data than one single tr'end over' the

entir'e model r'egion, AKRIP was selected to estimate the initial

tr'ansmissivity field and the modified tr'ansmissivity distr'ibutions

dUr'ing the model calibr'ation.

3.6 Stor'ativityof the Culebr'a Dolomite

3.6. 1 Data ease

The storativity data base (Appendix D) was evaluated to deter'mine

r'epr'esentative values at a scale of tens of meter's. The r'ationale

used in the evaluation is discussed in Appendix D. The final values

assigned to borehole locations ar'e listed in Table 3.3. The total

number' of stor'ati vi ty values is much less than the number' of

transmissivity values. The stor'ativity values have a mean which lies

between 5 x 10-4 and 1 x 10-5 and a r'ange that extends over' 3 or'der's

of magnitude.

3.6.2 Corr'elation Between Stor'ativity and Tr'ansmissivity

P€cause the number' of stor'ativi ty values is much smaller' than the

number' of tr'ansmissi vi ty values, it is inter'esting to assess whether'

or' not the two hydr'ogeologic parametecs ar'e statistically

cor'r'elated. If they ar'e s tati stically corr'elat ed, the

tr'ansmissivity distributions could be used to infer' additional

stocativity values.

One widely used method to deter'mine whether' two parameter's ace

corr'elated is linear-r'egr'ession analysis (LRA). LRA uses a least

squar'es calculation to determine the best-fit line to two var'iables

(one dependent and one independent) plotted in x-y (par'ameter 1 vs

parameter 2) fOr'mat. The slope and y-inter'cept of the best-fit line
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and a parameter referred to as the r 2 value are calculated in LRA.

The r 2 parameter, which ranges in vaIue from zero to one, is a measure

of the goodness of fit of the fitted line to the data. The higher the

r 2 value, the better the fit of the line to the data. Thus, the r 2

value derived from LRA of two hig.hly correlated parameters should be

approximately equal to one.

The Culebra transmissi vi ty and storati vi ty data discussed in

Sections 3.5.1 and 3.6.1 were analyzed with LRA to determine whether

or not any correlation between the parameters existEi. Initially, the

analysis used all data from those hydrologic test:5 from which both

transmissi vity and storati vi ty values were determined. The r 2 value

calculated using this data was 0.07. If the data fiet is filtered to

include only those values of transmissivity and storativity determined

from interference tests, the r 2 value decreases to 0.003. These

resul ts therefore provide quanti tati ve . evidenCE! for dismissing

correlation between the storativity and transmissivity of the CUlebra.

This does not eXclude the possibility that geostatistical parameter-s

determined for the transmissivity (e.g., semi-var-iogram model,

correlation distance t and sill) are similar to the geos tati stical

parameters character-is tic of the storati vity. A parameter- such as

cor-relation distance could be the same for several hydrogeologic

parameters without those actual parameters di~lplaying a strong

correlation. Regional structural or diagenetic events could provide

the mechanisms to produce geostatistical similal:'i ties for sever-al

hydrogeologic parameters.

3.6.3 Initial 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, which 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 storati vi ty

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 freshwater

head versus time. (The term "freshwater head" is utilized in this

report and is equivalent 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 the 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 intecface in the

three shafts. From these hydrographs, estimates of the undisturbed

hydraulic conditions and the transient cesponses due to shaft and

site-characterization activities in the Culebra dolomite were

assessed.

The calculation of the equivalent freshwater heads from depth-to-watec

and transducer measurements requires knowledge of the average

bOr'ehole-fluid density. The estimation of the uncer'tainty in the

borehole-fluid-density estimates and the cOr'cesponding uncertainty in

the equivalent freshwater heads are discussed in Appendix E. In
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3.7.2 Abridged Transient Data

The teem "obser'ved fr'eshwater heads" is used in this r'epor't to refer'

to equivalent fr'eshwater heads that ar'e deter'ffiined fr'(~ the depth-to

water' and tr'ansducer' measur'ernents. The ter'm "calculated freshwater

heads" refees to heads calculated using SWIFT II.

addition to the fluid-density uncer'tainty, water'-h~vel var'iations

exhibi ted in a well's hydr'ogr'aph may r'esul t fr'om long-ter'ffi natUr'al

head changes (trends) or, in sane cases, changes of unknown origin.

Appendix E lists the estimates of these individual uncertainties for'

each undistur'bed fr'eshwater'-head estimate and combines these for' a

total uncer'tainty at each well, which is qualitatively meant to

cOr'respond to one standar'd deviation of the freshwater head

measur'ernents.

3-22

The hydr'ographs of equivalent fr'esI1water' head ver'sus time ar'e utilized

in the transient modeling acti vi ties. Because the da.ta 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 complexi ty of the data and minimizes the

number of points to be plotted. The transient head data also have

uncertainty introduced by the unceetainty in the borehole-fluid

densi ty. To illustrate this uncertainty in graphical presentations,

these uncertainties (tabulated in Appendix E), expressed in terms of

meter's of head, ace added to the minimum and maximum observed

fr'eshwater heads. The transient-data hydr'ogr'aphs uSE~d for' compaeing

obser'ved and model-calculated freshwater' heads plot the mean obser'ved

head value for each week with a ver'tical bar' depicting the minimum and

maximum obser'ved fr'eshwater' heads plus uncer'tainties. For' the case of

a single measur'ed value dUr'ing a par'ticular' week, this value is

plotted as the mean and a ver'tical bar depicting the uncer'tainties is

added to it (see Section 5.1 to 5.3).

HO 9700 R55 4



3.7.3 Estimation of the Undisturbed Hydrologic Conditions over the

Modeled Region

The undisturbed freshwate~ heads a~e assumed to be ~epresentative of a

steady-state system. Haug et al. (1987) found that leakage from the

Culeb~a into the WIPP shafts has occu~~ed since the excavation of the

fi~st shaft (the construction and salt-handling shaft, 7/4/81

10/23/81). This leakage has caused drawdown responses at many of the

obse~vations wells at the WIPP site. For this ~eason, undisturbed

freshwater heads a~e best dete~ined f~an data collected before mid

1981. Fo~ wells in close proximity to the shafts fo~ which no wate~

level data were ~eco~ded before the summer of 1981, undisturbed

f~eshwate~ heads could not be estimated.

The dete~ination of long-te~ mean fo~ation pressu~es ~efe~~ed to as

undisturbed pressures involved evaluating the hyd~og~aphs for the

WIPP-site bo~eholes (Appendix E). We assume that the undistu~bed

pressures rep~esent the quasi -steady-state p~essu~e field that was

p~esent befo~e the excavation of the shafts. Table 3.5 summa~izes the

estimates of undisturbed f~eshwater head fo~ each of the wells and

also lists the uncertainty associated with that value.

The estimation of the undisturbed p~essu~es 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 il1ust~ated in Figures 3.14a and 3.14b. The freshwater heads

reveal a p~edominantly southerly flow direction across the WIPP site.

The heads within the southeaste~n po~tion of the modeled area reflect

an approximately western flow direction.

Figure 3.14a depicts low

south of the WI PP si te.

defined by minor head
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The low gradient north of the WIPP site is

differences between the WIPP-28, WIPP-27,
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WIPP-30, DO£-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-l, H-12, and H-7 boreholes. Hydraulic gradients

are higher (4 x 10-3 m/m) in the north-central and central portions of

the site. These higher gradients appear consistent wi th the lower

transmissivities within this region. However', the initial

transmissivity distribution with low transmissivitie:3 in the area of

H-4, CB-l, P-17, and H-17 does not seem to be consistent with the

observed low gradients immediately south of th,= southern site

bow1dary. This implies that the estimated transmissivity field in

this region does not adequately represent the actual tcansmissivities

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 renect one standard

deViation of the kriged undisturbed freshwatec-head estimates and do

not incorporate 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 ljifference between

the 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 cequired to match

observed heads haVing relatively high uncertainty will 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 distri bution in the

Culebra dolomite has been influenced by drilling and excavating three

shafts (waste-handling shaft, construction and salt-handling shaft,

and exhaust shaft) at the center of the WIPP site (see chronology and

discussion of shaft-construction activities in Appendix G). In

addition, several wells have been drilled or re-completed in the model

area and numerous well-testing activities, 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 acti vi ties 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 kIn 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 ace

transient by their natuce, was achieved using the wellboce 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 dolomi te along

characterized by extremely

The eastern boundary was

H09700R554

the eastern boundary of the model area is

low transmissivities and negligible flow.

therefore considered to be reasonably
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represented as a no-flow boundary. Prescribed-pressure boundaries

with prescribed formation-water densi ties were applied to the

northern, southern, and western boundaries. Freshwater heads were

es timated 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 formation pressures at grid-block-center elevations

along the model boundaries. During the simUlation, the prescri bed

pressures are maintained along the outer edges of the model area.

3.8 Formation-Fluid Densities

3. 8. 1 Data Base

The formation-fluid-densi ty data base (Appendix F) was compiled and

evaluated to determine the most recent and most reliable flUid-density

information available for the Culebra dolani teo The pr'incipal 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 a1., 1987;

Stensrud et al., 1987);

2) geochemistry r'eports (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 r'epresentative of the formation. HCMever, since

publication of her report, new density data have been published in
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Uhland et al. (1987). These autho~s p~esent fluid-density data from

the WIPP Wate~ Quality Sampling Program being pe~formed to expand the

geochemical data base and to establish background values for various

geochemical constituents in Rustler ground waters.

The p~esent stUdy has attempted to integrate the data contained in the

above reports and field notes to .determine which formation-fluid

densi ty values are most ~ep~esentati ve of in-situ formation fluids.

Unfo~tunately, seve~al WIPP-area bo~eholes have not had sufficient

pumping to ~emove drilling fluids still pr.esent 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

~ep~esentative of in-situ ground wate~s (Table 3.6). A detailed

description of the methodology used in the evaluation of the ~ep~esen

tativeness of the fluid-density values is discussed in Haug et al

e1987) .

3.8.2 Estimation of Formation-Fluid Densities Over Modeled Region

The fluid-density data deemed ~ep~esentative of the Culebra were used

to estimate the formation-fluid densities over the model region. The

gener'alized kriging code, AKRIP, calculated the estimates of fluid

densities which were assigned to the model gr'id 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 to 1.16

g/ cm3 along the eas tern boundary. The area of the model wi th 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 uncer'tainties due to the larger number of

bOr'eholes 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. Geoehemical evidence

(section 2.5) suggests that the chemical constituents within the

Culebr'a dolomite may not be at steady state wi th the present flow

field. Therefore, using the observed formation-flu:id densi ties as a

calibration parameter during steady-state flow simulc,.tion 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 densi ty distr'ibution 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 storati vity, 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 calibrated 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 little

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 trcmsport 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 thl~ code AKRIP

(Section 3.5.3.2). The initial boundary conditions ('fable 4.1) were

estimated from the observed freshwater-head distribution and the kriged

density distribution (Sections 3.7.3 and 3.8.2). The tr'ansmissivities

and the initial boundary conditions are the calibration parameters used

in the simulations. However, because the boundary conditions are

constrained by the observed freshwater-head data, thE~ transmissivity

distribution is the more important calibration parameter.

4.2 Initial Steady-State Simulation

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 calculated 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 have high negat1i ve values (more

than -10 m) in the north~central part of the modeled region and

relatively small posi ti ve 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, respectively:!, 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. Posi ti ve differences occur around H-11, DOE-1, H-4,

P-15, P-17, CB-1, and H-17, indicating that the calculated heads at

these wells 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

condi tions can be used to improve the agreement between calculated and

observed heads. Unfortunately, changes to improve the agreement in the

northern region willy generate a poorer agreement in the southern region,

i.e., higher, Posit~ve head differences south of the WIPP site. Thus,
.;1 .

changes in the inftial transmissivity field are needed at several

locations in the modeled region. The justification and methodology for

the implementation of changes in the boundary conditions and

transmissivity distributions is described in Section 4.3.

4.3 Calibration 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 region through kriging. This approach greatly

enhances one's ability to adjust the transmissivity within areas of a

model with the minimum amount of effort and is derived from a

technique discussed in de Marsily, (1983). In principle, universal
- .

kriging (K603) or generalized kriging (AKRIP) could be used for the
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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 estimates.

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 transmissi vi ty field in mi nimizing the head differences is

evaluated. A criterion has been devised to determine whether or not

large-scale transmissivity features should be addl~d to match the

observed head values. If the difference between the calculated and

observed heads at a given location is greater than twice the

uncertainty of the observed value (i. e., two standard deviations),

then introducing large-scale transmissi vi ty 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 ioi tial calculated and

observed freshwater heads and the values equivalent to the uncertainty

(10) of the observed head for each borehole. The hf?ad 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 nocthecD

boundary of the model. Thecefore, assigning higher heads along the

northern boundary and higher transmissivi ties upgradient from the

wells with large negative differences is justified.

Once a sufficient number of transmissivity pilot points were added to

ceduce the head differences below 20 at each bocehole, local-scale

transmissi vi ty features were used to reduce the head differences to

below 10 at each borehole. The model was considet'ed cali brated when

the head difference at each bocehole 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 cal ibration 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, several 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

transmissi vi ties 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 transmissi vi ties south of H-11. Therefore, the transmissi vi ties

in the southern part of the model were increased to "drain" the

additional flux enter.ing the centr.al part of the model area.

The individual changes to the ini tial transmissi vi ty field are as

follows:

1. Four pilot points with transmissivity values ranging from 2 x 10-4

to 3 x 10-5 m2/s were placed between the northern model boundary

and the WIPP-si te boundary (Figure 4.3). These pilot points

increased the transmissi vi ties just west of WIPP-28 and WIPP-30

which increased the ground-water flux to the north-central region

of the modeled area. In addi tion, 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 10-6 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

posi ti ve differences were still present (2 to 3 m) in the H-11,

DOE-1, and H-14 area.

2. 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 transmissivi ties in the northwestern area of

the model to increase the ground-water flow -into the system.

Pilot points were added to increase the transmissi vi ties slightly

in this area to 6 x 10-4 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~ transmissi vi

ties in this low-transmissivity zone are a factor of 4 less than

those in the initial kriged transmissivity field. The low trans

missi vi ties caused 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 wlcertainties of

the observed heads. However, because the calculated head at WIPP

26 was already 1 m higher than the observed head, the

transmissi vi ties 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 changes in the vicinity of WIPP-c~5 and P-14.

3. 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

H09700R554 4-6



increased to approximately 3 x 10-5 m2 /s. Figure 4.3 illustrates

the area south of H-11 that has the higher transmissivity values.

The transmissivity is depicted by a contour of -4.5 log m2Is

(3 x 10-5 m2 /s) occurring west of H-17 and east of P-17. This

feature is less transmissive than the one proposed in Haug et ale

(1987).

Figure 4.4 also illustrates the high-transmissi vi ty feature between

H-17 and P-17. In 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 been reduced to allow

ground water to flow south 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 3.1 4a). 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 larges t flux of ground water enters the

system along the northern model boundary west of WIPP-28 and flOW's

predominantly south toward WIPP-25 (Figure 4.5b) Flow in the northern

part of the WIPP si te is generally from north to south. A large

portion of the ground water within the WIPP-site boundaries enters the

high-transmissivity zone south of H-11 and exits the modeled region

from the central part of the southern boundary east of H-7.
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The Darcy velocities of the calibrated s teady-::,tate model were

calculated by SWIFT II using the transmissivUy distribution

(Figure 4.3), the steady-state pressure field (Note: the cal ibrated

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 ar,~ defined as the

specific discharge per unit cross-sectional area normal to the

direction of the flow. In a porous medium, estimates of the mean

pore-water velocity are calculated as the Darcy velocity di vided by

the effective porosi ty. HOW'ever, a spatially-constant porosity

assigned for the entire model area is unrealistic. Therefore, only

Darcy velocities are shown in Figure 4.5b. Such velocities should be

interpreted as indicators for the flow directions and the relative

importance of the different flow paths.

Wi thin the modeled region, the Darcy-velocity vectors range in value

over six orders of magnitude. The 10W'est velocities occur east of the

WIPP site, wher'e the magnitude of the veloeity vector's is

appr'oximately 1 x 10-12 mls (Figur'e 4.5b). The highest velocities

occur in the souther'n portion of Nash Dr'aw along the wester'n boundary

of the model, wher'e the velocities are between 1 x 10-7 to 1 x 10-6

mls. South of WIPP-12, toward the WIPP shafts, the Darcy-velocity

magnitudes are apPr'oximately 2.5 x 10-10 to 7.5 x 10-10 m/s. The

velocities incr'ease to appr'oximately 2.5 x 10-9 m/s in the high

tr'ansmissivity zone south of H-11. The increase in velocity is lower'

than expected fr'om the 1 to 2 or'der's of magnitude incr'ease in the

tr'ansmissi vi ties because the gradient wi thin the ar'ea south of H-11 is

much lower' than that to the north at the WIPP-sHe center'. The

velocity vector's in the vicinity of DOE-2 and in the nOr'theast

quadrant of the model ar'ea are misleading becausl~ of the Culebr'a

elevation changes that occur' in these areas. Section 4.3.6 discusses

the velocities in these ar'eas in detail.
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The head differences (the calculated heads minus the observed heads)

for the calibrated model are illustrated in Figure 4.6. 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-7.

The differences 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, respecti vely . 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 sensi tivi ty of the calculated heads in this vicinity to

the high-transmissi vi ty zone was investigated and is presented in

detail in section 4.3.4.

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-7 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. In general, an increase in the specified

heads along the southern boundary reduces the head differences at H-7

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 10-5 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 10- 7 m2/s, Beauheim

(1987b). This value is obviously much less than the transmissivity

proposed for the high-transmissivi ty zone (Figure 4.3). However, the

low transmissivi ty at H-17 does not exclude the possibility that some

type of high-transmissivi ty feature exists that provicles a condui t 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-transmissl vi ty zone. The

second simulation, case 2, employed the calibrated. model with an

intermediate-transmissivi ty zone south of H-11 in place of the high

transmissivity zone in the calibrated model.

In case 1, only one pilot point, located southwe~it of H-1 2, 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 10-7 m2/s (log transmis

sivity of -6.2) and in Figure 4.7, the transmissi vitles in this area

are about three times greater or approximately 2 x 10-6 m2/s (log

transmissivity of -5.75).
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The transmissi vi ty 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 the

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 model are

very close to the observed heads (Figure 3.14a). However, the

calculated heads in the area between H-15 and H-17 are significantly

higher (6 to 8 m) than the observed heads. In addition, the

calculated gradients in this region of the model 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 differences 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 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 1O-6 m2/s) south of H-11 on the calculated

heads. This value is an order of magnitude greater than the initial

transmissi vi ties, a factor of three increase greater than the case 1

values, and an order of magnitude less than the cal ibrated

transmissi vi ty in this area. Figure 4.10 shows the transmissi vi ty

distribution used for case 2. As in case 1, the transmissivities are

very similar to the calibrated transmissi vi ties except in the area
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south of H-l1. The calculated heads for this simulation are

illustrated in Figure 4. 11 . The calculated heads nor'th 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 the

calculated and observed heads increases significantly between H-15 and

H-l1 . The magnitudes of the head differences (Table 4.6) are less

than those calculated for case 1, but the 3- to 5-metet' 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-l1 to reduce the head differences at H-l1, DOE-1,

and H-14.

In summary, two simulations, case 1 and case 2, were pel:'formed to
demonstrate the need for the high-tt'ansmissi vi ty zone !)etween P-17 and

H-17 which was introduced while calibrating the model to reduce the

differences between the calculated and observed heads at H-14, DOE-l,

and H-l1. The calibrated transmissivities between P-17 and H-17 are

approximately 5 x 10-5 m2;s, or approximately 1. 5 ordE~rs of magnitude

higher than the transmissi vities used in case 1 (2 x 10-6 m2/s) , and

one order of magnitude higher than the transmissivities used in case 2

(6 x 10-6 m2/s). The head differences for case 1 in the vicinity of

H-l1 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-l1 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 transmissi vi ty 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 10-4

m/m, slightly less than the calibrated model's gradient of 9 x 10-4

m/m. The change in gradient rai sed 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

ooE-2, 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 sa~e

as at H-ll 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-ll were increased to values above the observed-head uncertainties

(Table 4.7). Therefore, higher transmissi vities south of H-ll than

those used in the cali brated model would be required to reduce the

head differences in this portion of the model area. Future modeling

efforts would require continuation of these calibrations with a

variable transmissi vi ty distribution and changes to the specif ied

heads along the western and southern boundaries.
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4.3.6 Apparent Local Maxima and Minima in the Calculated Freshwater

Heads

Equi valent 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

gravi ty-related pressure that is generated in a variat'>le 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 eastern no-flow boun1ary. 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

nor-thern 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 wi thin areas of

relatively significant elevation changes. The elevation low occurring

along the northern part of· the eastern boundary is baselj on a Culebr-a

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 obsel~ved in the near-by

data inside the modeled area. The low ar-ea between DOE-2 and WIPP-11

is defined by stratigraphic data from the logs of those two wells

(Mercer et aI., 1987; and Sandia National Laboratot'ies 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 illustr-ated in Figure

4. 16. Local maxima coincide wi th the three minima in the CUlebra

elevations shown in Figure 4.15. The local extremes in freshwater

heads in thi s part of the model area are due to gravity- induced

pressures generated by the r-apid changes in adjacent grid-block

elevations. Significant elevation changes between adjacent grid

blocks increase 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 conver-t this pressure to equi valent

freshwater head assumes that this column of water has a density equal

to 1.0 g/ cm3. In the northeast quadrant of the model area, howe ver,

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 local freshwater-head

anomalies of up to 5 m.

The Darcy-velocity equation is:

Veloci ty k ~p - 6Z-[--(p*g*-)]
1.1 d d

( 4. 1)

where k is the harmonic-mean per-meability between adjacent grid

blocks, 1.1 is fluid viscosity, ll.P is the pressure difference between

adjacent grid blocks, d is the distance along one of the principal

axes, x, y, or z between adjacent grid blocks, p is the mean fluid

density of adjacent grid blocks, g is gravity, and ~z is the

difference of adjacent grid-block center elevations. The fir-st term

accounts for the driving force due to pressure differences between two

adjacent grid blocks, and the second term accounts for- the gravi ty

induced pressures generated by elevation and flUid-density effects.

Velocities are calCUlated in the x and y directions because of the

assumption used for modeling the Culebr-a as a confined aquifer with no

vertical fluX.
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The calculated Darcy veloci ties (Figure 4. 5b) are accurate repr-esen

tations of the flow directions given the assumption of porous-medium

flow and the boundary conditions used in the model. 1he 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 vic:ini ty of DOE-2.

This results in unreliable velocity magnitudes and directions.

The importance of accounting for the gravi ty- induced pressure or

graVity-related driving force in the WIPP area has also been described

by DaVies (1987). He presents a modified fo~ of Darcy's law inoo~po

r'ating the var'iable density and elevation effects and investigates

changes in the flow dir'ections generated by incor'porating gravi ty

r-elated dr'iving forces. In summary, the local freshwater-head maxima

or- minima illustrated in Figures 4.5, 4.8, 4.11, and 4.13 are derived

fran the choice of presenting the data in the uni t of equivalent

freshwater head. The veloci ty vectors illustrated in Figure 4.5b ar-e

accurate r-epr-esentations of the flow direction except in areas where

the differ-ence between the two components of the v2loci ty equation

(Equation 4.1) is small, such as in the northeast cor-ner- of the model

area.

4.4 Calculated Particle Travel Times in the Model Region

In a steady-state flow field, par-ticle travel times calculated using

mean pore-water veloci ties are good indicators of the tmvel times due

strictly to the changes in permeabil i ty and hydraul ic gradient over a

particular area, but should be interpreted relative to the spatially

constant porosi ty used in the calculation of mean pore-water

veloci ties. The particle travel times should also be intecpreted
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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 porosi ties directly affect

the variations in the particle travel time along a given path. In

Andrews et al. (1981), the importance of considering both particle

travel-path uncertainty and particle travel-time uncertainty is

demonstrated using a statistical sampling approach from distributions of

the hydrogeologic parameters at the bedded salt site in Deaf Smi th

Count y, Texas.

In this stUdy, a significant portion of the uncertainties of the

permeabili ties in the WIPP-site area can be derived from the estimation

errors of the transmissivity 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 the WIPP-area boreholes (Appendix E). Given the

uncertainties associated with 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 travel times in the calibrated steady-state model

using the steady-state calibrated transmissi vities and a spatially

constant porosity of 16 percent.

Calculations were pel"formed 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 northern

boundary to determine the travel times wi thin the model area

representing Nash Draw. The four other particles were released wi thin

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 paths are consistent with the velocity vectors

illustrated in Figure 4. 5b. The shortest travel time:, 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 di rectly south in the area representing Nash Draw where the

Darcy velocities range from x 10-7 mls to 1 x 10-6 m/s. Particle C

ini tially travels southward but is redirected to\orard the area

representing Nash Draw where the majority of the ground water entering

the model along the northern boundary eventually flows. Particle C has

a travel 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 fran the

relati vely low transmissi vi ties south of H-6. The 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 wi ttl H-5 and exi ts

the model area fran the southern boundary in 1.4 x 106 years. The

calculated travel time for Particle E is very long because of the low

calculated Darcy velocities (1 x 10- 11 to x 10-10 m/s) near the

eastern WIPP-si te boundary and because Particle E doe~ 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 Culeb,:,a fran a point

.coincident wi th the centroid of the underlying reposi tory area. This
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release point was used as the base-case release point in Reeves et a1.

(1987). The calculated particle travel time for Particle G to reach the

southern WIPP-site boundary is approximately 1.3 x 104 years, which is

about one-third of the total travel time to the southern model boundary

(3.6 x 104 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 primar'ily due to the lower grouno-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 quali tati ve

since additional model calibration is yet to be completed

(see Section 5).
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5.0 SIMULATION OF TRANSIENT RESPONSES RESULTING FROM SHAFf ACTIVITIES

AND WELL TES'IS

The focus of this modeling study is to simulate the undistu~bed hydrologic

conditions and the transient behavior of the Culebra dolomite in response

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 follONing

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 o~

base-case transient simulation also used the transmissivities of the

calibrated steady-state model. The other four transient simulations were

conducted to evaluate the effect the model t~ansmissi vi ties and

storativities have on the calculated transient freshwater heads. The first

two sensitivity simulations used the base-case storativity 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 transmissi vi ties 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 acti vi ties

that caused significant hydraulic .stresses on the Culebra. The most

important disturbance of the hydrologic system during ~ecent years was

caused by excavating 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-s~nplingactivities

hav~ 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 imp:lcts on the hydrologic conditions in the

Culebra. We have selected tests of longer duration which have

significantly stressed the Culebra in the vicinity of H-3 or WIPP-13.

This was done to incorpoC'ate the hydrologic stC'esses pr'esent during the

beginning of the H-3 and WIPP-13 multip:ld pumping tests.

The observed transient data are pC'esented in terms of freshwateC' heads

which reqUired knowledge of representative borehole-fluid densi ties

(Appendix E) . Because boC'ehole-fluiddensi ty is an uncer'tain p:lrameter, a

specific. symbol has been used in the figures showing the plotted transient

hydrographs to expC'ess the uncedainty in the transient freshwater heads

calculated from the densities in Table E.2. The symbol lmed is a vertical

line, indi90-ting the uncertainty associated wi th the freshwater-head

value, with a horizontal tic mark which corresp:mds to the best estimate

of the freshwater-head value (Section 3.7.2).

5.1 lniti,al Transient Simulation Using the Steady-State Calibrated

Model

The details of the shaft acti vi ties which hydC'aul ically stressed the

Culebra and the tests performed at the WIPP-area oo('eholes which were

used in the transient simulation are presented in Appendix G.

Sections 5.1. 1 to 5. 1. 9 .descC'i be the ini tial transient simulation

performed using the transmissivity distribution and D)undary conditions

of the steady-state calibrated model. The ini tial ~,imulation 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 calitlration requires an
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iterative procedure which includes changing local transmissivi ties and

storati vi ties to improve the calculated transient results while

maintaining the calibrated steady-state fit to the observed·heads. This

type of procedure will be done in the transient simulations included in

future modeling studies.

5.1.1 Simulation of the Early Shaft Pressure History

The effects of the early shaft pressure history in 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-l, the calculated drawdown

resulting from the first exposure of the construction and salt

handling (C & SH) shaft to atmospheric 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. lhe lack of agreement

between the simulated and obseryed 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 10-5) 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 transmissi vi ties 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 wi th the observed

heads during this period, indicating that the model. parameters between

the shaft location and the H-3 hydropad have approximately

representative values.

H09700R554 5-3



The eahy shaft pr'essure history pr'obably caused ver'y strong head

chahges 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 observ,::d data exist

from these wells for' the years 1981 and 1982.

5.1.2 Simulation of the Open-Shaft Per'iod

The dr'awdown cone caused by ground-water leakage into the open shafts

during 1982 through 1985 (Appendix G, section G.2.2) has been obser'ved

at H-1, H-2, and to a lesser' extent at H-3. The drawclown 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 r'ecompleted in the

Culebra before 1985. In general, the calculated trarisi.ent heads ar'e

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 agreemeHt between the

observed and the calculated transient head data. The effect of

adjusting the model tr'ansmissivities and storativities on the calcu

lated transient heads is demonstr'ated 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 (Appenclix G). This

r'educed 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 l::lalculated and

measured transient freshwater heads for' the shaft location

(FigLire 5. 19). The fluid-pr'essur'e recovery due to the seal ing of the

exhaust shaft can also be recognized at H-1 and H-2 (Figure 5.1a), but

the head r'esponse is complicated by the recover'y from the H-3

step-drawdown test. Thus, it is difficult to quantify the specific
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resp::mse at H-1 and H-2 due to the shaft sealing in summer 1985.

A response to the sealing 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

identif ied at the WIPP wells north of the shaft locations if these

wells had not been undergoing recompletion or recovering from

recompletion.

5.1.4 Simulation of the H-2 Well Tests

The response to the hydrologic 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 incorp::>rated 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). TI1e

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 also had a complicated densi ty history which adds

further scatter to the data. Therefore, it is difficult to assess

whether or not the calculated response to the H-2 well tests

adequately represents the actual resp::>nse.

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 convergent-flow tracer test are shown in Figure 5.3.

The calculated drawdown at the H-3 hydropad in resp::>nse 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 10-5 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, cespectively. Because

the observed dcawdowns 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 compace the

calculated and observed cesponses. At H-11, the call~ulated drawdown

cannot easily be compared against the observed because the obsecved

heads are influenced by a prior pumping test conducted at the H-l1

hydropad which was not included in the slmulat ion (Ftguce 5.1 b) . At

ooE-1, the calculated freshwater heads agree well wi.th the observed

data (Figure 5.1c).

5.1.6 Simulation of the H-3 Step-Drawdown Test

The H-3 step-drawdown test conducted in June ancl July 1985 is

described in Appendix G, section G. 3.3. The production cates for the

test are shown in Figure 5.3. Similar to the response observed for

the convergent-flow tracer test, 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-l 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 00£-1 and H-l1. In both wells, the calculated and

observed drawdowns ar'e in good agreement. However, the calculated

r'ecover'y is much slower' than the observed. This in(iicates that the

model transmissivities between H-3 and DO£-l and between H-3 and H-ll

are probably adequate and that other factor'S ar'e 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 observed transient respon

ses at the H-1, H-2, and H-3 locations are illustrated in Figure 5.1a.

The calculated drawdown at the H-3 hydropad is again two times greater

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-l and

H-2 exhibit drawdown and recovery in response to the H-3 mul tipad

test. At H-l, 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-l 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-l. 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 is 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 drawdowns 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 relative changes in freshlrfater 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 used are not representative of the actual

transmissivities, 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 drawdo"m at 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 between WIPP-21 and H-3. An alternative

explanation of the WIPP-21 response is presented j.n the following

paragraph.

Transducer measurements 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.

Tne equivalent-freshwater-head drawdown at the waste-handling shaft is

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

shafts, thus causing the sudden pressure drop. This scenario was

simulated in Haug et al. (1987) and was shown to improve the

reproduction of the responses 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

H09700R554 5-8



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-4 hydropad conducted 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

Figure 5.3. The calculated and the observed transient heads at the

H-4 hydropad 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-4c) 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 drawdown, 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-1 L: 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 locations are sl'lOwn 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 storativi ty distributions

between WIPP-13 and the other WIPP wells are different from those used

in the model. The calibrated steady-state model tt"ansmissi vi ties

surrounding the WIPP wells neat"es t to the shafts ace appt"oximately

5 x 10-7 m2/s. These relatively low transmissivities form a bart"ier

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 responses. It is also possible that a local

feature with transmissivities similar to those at WIPP-13 with a

storativity lower than 2 x 10-5 exists between WIPP-13 and the WIPP

wells just north of the shafts.

5.2 Sensitivity of the Tt"ansient Calculated Freshwater Heads to

Transmissivity

A detailed calibration of the model to the observed transient

freshwater-head data

Section 5.1 indicates

H09700R554
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stor'ativi ty used in the steady-state calibr'ated model at"e needed to

t"epr'oduce the tt"ansient r'esponses. To detenmine the effect that genet"al

changes in the tr'ansmissivity or' stor'ativity have on the calculated

tr'ansient ft"eshwater' heads, sever'al additional tr'ansient simulations

wer'e per'fonned. The sensitivity of the calculated ft"eshwatet" heads to

model tr'ansmissivities is pr'esented in this section, while the

sensitivity of the calculated tt"ansient freshwater' heads to changes in

model stor'ativities is pr'esented in Section 5.3.

Two simulations were perfonmed in which the steady-state calibt"ated

tr'ansmissivities were changed by a constant factor over the entire model

ar'ea. The fit of the steady-state calibrated model to the undisturbed

heads was maintained because the calculated head distt"ibution for' the

steady-state model r'emains the same when the boundar'Y conditions ar'e

fixed and the tr'ansmissivities ar'e globally changed by a constant

factor. In the first simulation, hereafter' t"efer'r'ed to as T-case 1, a

global multiplier' of 2 was applied to the gt"id-block tr'ansmissivities of

the calibr'ated steady-state model. This incr'eases the ability of the

model to tr'ansmi t flow fr'om one gr'id block to another'. The second

simulation, T-case 2, used a global tr'ansmissivity factor' of 0.5 which

t"educed the ability of the model to tr'ansmit flow.

Both of these global changes in the model transmissivities caused

changes in the hydr'aulic connection in the ar'ea ar'ound the shaft which

affected the flux of gr'ound water dC'aining fr'om the CUlebra into the

shaft. To maintain the Culebr'a pressur'e observed at the shaft, the flux

must incr'ease if the tr'ansmissivity incr'eases. Conver'sely, the flux

into the shaft will decrease if the global model tr'ansmissivity

decr'eases. The calculated tr'ansient fr'eshwater' heads detennined in

T-case 1 and T-case 2 ar'e shown in Figur'es 5.4a thr'ough 5.4k. These

sensitivity simulations show, in gener'al, that doubling the

tr'ansmissi vity over' the entire model irnpr'oved the fi t between the

calCUlated and obser'ved dr'awdown at the various pumping wells included
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in the transient simulation (H-2, H-3, H-4, and WIPP-U). Conversely, a

50% decrease in the transmissivities (T-case 2) resulted in a poorer fit

between the calculated and observed drawdowns at the pl~ping 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

increased, and lower drawdowns and recoveries when the transmissivi

ties were reduced. The response of the shafts' grid block during this
time pet'iod was determined by a ser'ies of pressure-contt'olled 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 the 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 calculated

responses. The calculated response at H-1 to the shaft pressure

history using lower transmissivities, T-case 2, 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

needed to reduce the differences between the calculated and observed

responses in the vicinity 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 sensiti vi ty 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

transmissivi ties produced a poorer agreement between calculated a:'l.d

observed responses than was determined for the base-case transient

simulation.

The calculated r'esponses at the H-1 and H-2 boreholes to the H-3 tests

were significantly altered by variations in the assigned

transmissivities. The absolute magnitudes of the drawdowns at H-1 and

H-2 were increased when the transmissivities wer'e lowered and r'educed

when the transmissivities were raised. For H-1 and H-2, the best fit

to the observed relative drawdown and recovery r'ate was gener'ally

obtained in the base-case simulation. This implies that the

calibr'ated transmissivities between H-1, H-2, and H-3 are probably

r'epresentati ve and that the calculated responses at the H-1 and H-2

boreholes can be improved by r'educing 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 g,lobal transmis

si vi ties 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 fran 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 responses occurred when the

global transmissivities were two times the base-case tl~ansmissivities.

The calculated freshwater head values are also much closer to the

observed head values than for the base case. Thus, the model

transmissivi ties in the H-4 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 tes t 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 multiply.ing the global transmissivity by 0.5 cr'eated 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 transmissi vi ties are decreased by 50 percent

(Figure 5.4e). The calculated drawdown at DOE-2 was improved from the

base case when the global transmissivities were decreased by a factor

of two (Figure 5.4h). However, the calculated recovery at DOE-2 is

closer to the observed 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 freshwater 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 hydt'ogeologic

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 transmissi vi ty distribution was the same as for the

base-case or calibrated steady-state model. In the fir'st simUlation,

S-case 1, the storativi ty was increased to 5 x 10-5. The storati vi ty

used in the second simulation, S-case 2, is 1 x 10-5. The magnitude of

the global changes in the storativity are appr'oximately 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 storati vi ty by one-half yielded approx:Lmately the same

pressure response at the shaft grid block as increasing the trans

missi vi ty by a factor of two. The differences bet'.-IeEm the calculated

and observed responses at H-1, H-2, and H-3 due to shaft events

(Figures 5.5a, 5.5b, and 5.5c) in the S-case and S-case 2

simulations are not significantly different than the results

determined in the T-case 2 and T-case 1 simulations, respectively.

Therefore, local changes to both the transmissivity and storativity

will have to be made to reduce the differences betweE~n the calculated

and observed responses.

5.3.2 Sensitivity of the Calculated Responses fl:'an 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 hydeopad are illus

trated in Figure 5.5c. As expected, the changes in s tOl:'ati vity did

not affect the results as much as the changes in thE transmissi vi ty.

Generally, using a higher storati vi ty reduced the dral"rdowns determined

in the base-case simulation by approximately 6 to 10m 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 storati vity improve1j 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 storati vi.ty produced the

best relative drawdown at H-1. However, a lower storativity reduced

the difference between the calculated and observed dcawdowns at H-2.

Using a s torati vi ty of 1.5 x 10-5 between H-3 and H-2 will probably
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reproduce the observed relat i ve drawdown gi ven the same base-case

transmissivity between these boreholes (approximately

1 x 10-6 m2/s). TI1is storativity value is slightly lower than the

value of 3 x 10-5 that was determined by Beauheim (1987a) in

interpreting the response at H-2 due to pumping at H-3. This is

partly because the model transmissi vi ties 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

and the base-case storativi ty 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-case 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-4 Test to

Storativi ty

Adjustments to the global stocativity did not significantly reduce the

differences between the calculated and observed transient fceshwatec

heads in the vicinity of the H-4 hydropad. An increase in stocativity

(Figure 5.5d) did reduce the drawdown during the H-4 convergent-flow

tracer test, but the reduction in calCUlated drawdown was not as great

as that calculated using an increased global tr-ansmissi vity

(Figure 5. 4d) . Incr-eases in both the tr-ansmissi vi ty and the

stor-ativity may be needed to r-epr-oduce the tr-ansient heads at the H-4

hydropad adequately.
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5.3.4 Sensitivity of the Calculated Responses fran 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 storativi ty to 5 x 10-5 lowered this difference

to approximately 15 m, whereas decr'easing the global storativity

increased the difference to about 22 m (Figure 5.5j). In contrast, a

decrease in the global stor'ativity improved the calculated results at

H-6, 00E-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 ar'e obtained at these locations using a lower storati vi ty.

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 resulte(i when the trans

missivity was increased by a factor of two. Therefore, in order to

reproduce the observed drawdowns during the WIPP-13 pumping test at

these boreholes, the transmissi vi ty should be further increased and

the storativity should be decreased.

5.4 Summary of Trilllsient 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, DO£-2, and H-6 in response to the WIPP-13 pumping

test adequately reproduce the observed drawdowns. The calculated

drawdowns at H-l1 and 00£-1 due to the H-3 pumping test are also similar

to the observed drawdowns at these boreholes.
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Sensi ti vi ty simulations were performed to determine 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. In

addition, lower transmissi vities are necessary between the shafts 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.
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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-si te 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) The calibrated transmissivity distribution contains the same

general trend over the model area as the observed transmissivities

with predominantly lower transmissivities «1 x 10-7 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 10-4 m2 /s) and

high transmissivities (>1 x 10-3 m2/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 the 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).

(2) The steady-state calibrated freshwater heads illustrate low

hydraulic gradients (1 x 10-4 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 10-3 m/m) occur in

the central part of the model area.

(3) 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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and enters the high-transmissivity area along t)1e western part of

the model representing Nash Draw. A significant portion of the

ground water wi thin the WIPP-si te boundaries passes through the

high-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 fran previous modeling and isotopic

studies that the ground-water chemistry is not at steady state

with respect to ground-water flow.

(4) The calculated Darcy velocities range over six orders of magnitude

in the model area. The highest velocities (1 x 10-7 to 1 x 10-6

m/s) occur in the western portion of the model area representing

Nash Draw. Darcy veloci ties wi thin the WIPP-Sl te boundary range

fran approximately 5 x 10-10 m/s in the vicinit J' of the shafts to

1 x 10-9 m/s in the high-transmissivity zone south of H-11. Darcy

velocities of 1 x 10-12 m/s occur east of the WIPP-site bou"ndary.

(5) A sensitivity analysis of the calculated freshwater heads to the

high-transmissivi ty zone between H-17 and P-l '{ determined that

differences between the calculated and observed heads in the

vicinity of H-11 ranged fran 3 to 8 m with transmissivity values

between H-17 and P-17 (2 x 10-6 m2/s) three times higher than

those in the initial kriged estimates (6 x 10-7 m2/s). The

differences were reduced to less than six meters when the

transmissivi ty values between H-17 and P-17 were increased to 6 x

10-6 m2/s, one order of magnitude higher than the initial kriged

estimates. The differences were Ultimately ['educed below the

uncertainties of the observed heads when the transmissi vi ties

between H-17 and P-17 were increased to 5 x 10-5 m2/s.

(6) The steady-state calibrated transmissivities adequately reproduce

the observed drawdowns at P-14, DOE-2, and H-6 during the WIPP-13

multi pad pumping test. The calculated drawdowns at H-11 and OOE-l
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dur-ing the simulation of the H-3 multipad pumping test ar-e also

similar to the obser-ved drawdowns. The steady-state cali br-ated

transmissi vi ties do not adequately repr-oduce the obser-ved

tr-ansient r-esponses gener-ated fr-om the shaft events or- the

obser-ved dr-awdowns at the pumping wells used in the simulation,

H-2, H-3, H-4, and WIPP-13. Gener-ally, the calculated dr-awdown at

these wells is a factor- of two greater- than the obser-ved drawdown.

Similar-ly, the calculated dr-awdown due to the shaft events is a

factor- of two gr-eater- than the obser-ved dr-awdown at H-l, H-2, and

H-3·

Sensi ti vi ty analyses performed to determine the effects of the

model tr-ansmissi vi ties and stor-ati vi ty upon the calculated

transient heads indicate that adjustments to the steady-state

calibrated tr-ansmissivities ar-e necessar-y to reduce the

differ-ences between the calCUlated and observed tr-ansient data.

These analyses indicate (1) lower transmissi vi ties ar-e required

between the shafts and H-l, H-2, H-3, and the WIPP wells in the

vicinity of the shafts; (2) higher- tr-ansmissivities ar-e 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 necessar-y to repr-oduce the

obse~ved t~ansient ~esponses.
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UTM Coordinates of the Model-Area Corners:

Southwest corner: 35 72 000 mN

Southeast corner: 35 72 000 mN

Northeast corner: 35 97 000 mN

Northwest corner: 35 97 000 mN

Dimensions of the Model Area:

6 00 000 mE

6 24 000 mE

6 24 000 mE

6 00 000 mE

East - West:

North - South:

Area:

Grid Block Dimensions (m):

From West to East:

From South to North:

24.0 km

25.0 km

600.0 km2

2700, 2600, 2200, 1100, 1000, 700, 600, 700,

600, 350, 200, 200, 200, 200, 150, 150,

150, 250, 450, 500, 600, 800, 1000, 2000,

2300, 2300.

2000, 1000, 1000, 1000, 800, 500, 300, 300,

400, 520, 320, 320, 320, 240, 260, 260,

260, 190, 140, 140, 140, 160, , 40, 140,

190, 300, 360, 220, 220, 220, 340, 220,

140, 120, 220, 400, 700, 1000, 1400, 1600,

1800, 1600, 1600, 1500.

Drown by

Checked by

Revisions

Dote

Date

Date

Coordinates and Dimensions of the

Model Area and the Grid Blocks
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Fluid P~operties:

Temperature = 25°C

Compressibility = 4.53 x 10-10 m2/N (25°C)

Thermal

Expansion Facto~ = 2.07 x 10-4 °C-1

Heat Capacity = 4.18 x 10+3 J/kg °C

Viscosity = 1.0xl0-3 Pa s

Density F~esh = 1000 kg/m3

Brine = 2000 kg/m3

Rock P~ope~ties:

References

INTERA (1986)

Langguth and Voigt (1980)

Kuchling (1982)

Kuchling <1982)

Comp~essibility =

Heat Capacity =

Density =

1• 1 x 10-9 m2 IN

8.0 x 10+2 J/kgOC

2500 kg/m3

Freeze ancl Cherry (1979)

Kuchling (1982)

Kuchling (1982)

Transport Properties:

Longitudinal Dispe~sivity = 50.0 m

Transverse Dispersivity = 2.5 m

Molecular Diffusivity in
Geologic Medium = 1.6 x 10-10 m2/s

Haug et ale (1987)

Haug et ale (1987)

Bear (1972), Lerman (1979)

Drawn by

Checked by

Revisions

Date

Date

Date
Physical Model Constants
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LOCATION TRANSMISSIVITY STORATIVITY

Clog m2/s) (m2/s) (log S) (S)

H-1 -6.12 7.56E-07
H-2 -6.25 5.61 E-07 -4.92 1.20E-05
H-3 -5.61 2.47E-06
H-4 -5.99 1.02E-06 -5.34 4.62E-06
H-5 -6.82 1.52E-07 -4.69 2.05E-05
H-6 -4.10 7. 95E-05 -4.75 1.80E-05
H-7 -2.96 1. 11 E-03 -3.09 8.20E-04
H-8 -5.05 8.86E-06
H-9 -3.76 1.73E-04
H-10 -7.12 7.56E-08
H-11 -4.56 2.76E-05 -3.03 9.39E-04
H-12 -6.74 1.84E-07
H-14 -6.48 3.29E-07
H-15 -6.88 1.32E-07
H-16 -6. 12 7.56E-07
H-17 -6.67 2.16E-07

DOE-1 -4.93 1.19E-05
DOE-2 -4.02 9.61 E-05
p-14 -3.64 2.30E-04
P-15 -7.03 9.26E-08
P-17 -5.86 1.38E-06
p-18 -8.73 1.87E-09

WIPP-12 -7.49 3.24E-08
WIPP-13 -4. 13 7.45E-05
WIPP-18 -6.49 3.24E-07
WIPP-19 -6. 19 6.48E-07
WIPP-21 -6.57 2.70E-07
WIPP-22 -6.40 4.00E-07
WIPP-25 -3.54 2. 92E-04
WIPP-26 -2.87 1.35E-03
WIPP-27 -3.15 7.02E-04
WIPP-28 -4.71 1. 94E-05
WIPP-29 -3.00 1.00E-03
WIPP-30 -6.49 3. 24E-07 -4.00 1.OOE-04
ERDA-9 -6.29 5.08E-07

CB-1 -6.52 3.02E-07
ENGLE -4.33 4.64E-05
USGS-1 -3.26 5.54E-04 -4.70 2.00E-05

Drown by Dote

Checked by Dote Culeb~a T~ansmissivity and Sto~ativity

Revisions Dote at the WIPP-Apea Bopeholes
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Selected Linear East-West Trend:

z = 138.8642 - 0.2354x

with z: log Transmissivity (m2 /s)

x: UTM coordinate (km East)

Theoretical Semi-variogram:

Type : spherical

Y(h=O) = a
Y(O<h<a) = w(1 .5h/a - 0.5(h/a)3) + c

Y(h>a) = w + C

a : 3.012 km Range : 3.0 km

w : 0.9355 Sill : 0.94 (w + c)

c : 0.0 Nugget : 0.0 (c)

Consistency Check:

Kriged Average Error : 0.0000

Kriged Mean Square Error : 0.5161

Reduced Mean Square Error : 1. 0001

Drown by

Checked by

Revisions

Dote

Dote

Dote

Results of the Semi-Variogram Analysis

on the Culebra Transmissivities
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Location Undistu~bed Equivalant Unce~tainty of
Freshwater Head (m ams1) Observed Head (m)

H-1 921.6 ±2.0
H-2b 923.5 ±2.5

H-3b1 917. 1 ±3.0
H-4b 913.3 ±2.0
H-5b 933.5 ±2.0
H-6b 932.3 ±2.0

H-7b1 912.6 ±1.0
H-8b 911 .8 ±1.5
H-9b 907.0 ±2.0
H-10b 920.8 ±2.5

H-11b2 912.5 ±2.0
H-12 913.5 ±1.5
H-14 915.0 ±1.5
H-15 918.0 ±5.0
H-17 913.2 N/A*
p-14 927.0 ±2.0
P-15 916.4 ±2.5
P-17 912.6 ±2.5

WIPP-12 932.2 ±3.0
WIPP-13 934.0 ±2.5
WIPP-18 930.0 ±2.0
WIPP-25 931.0 ±2.0
WIPP-26 917.5 ±1.5
WIPP-27 937.5 ±1.5
WIPP-28 938.1 ±1.5
WIPP-29 905.4 ±1.0
WIPP-30 934.7 ±2.0

CB-1 911 .2 ±2.0
OOE-1 915.0 ±2.5
OOE-2 935.4 ±2.5

USGS-1 909.0 ±1. 5

*See Appendix E.

Drawn by Date

Checked by Date Culeb~a Undisturbed Equivalent F~eshwater Heads
Revisions Date and the Associated Unce~tainties
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Drawn by

Checked by

Revisions

Date

Date

Date

Location

H-1
H-2
H-3
H-4
H-5
H-6

H-7b
H-8b
H-9b
H-10b
H-l1
H-12
H-14
H-15
H-17
P-14
P-15
P-17

WIPP-13
WIPP-25
WIPP-26
WIPP-28
WIPP-30
Engle
DOE-l
DOE-2

Formation-Fluid Density

(g/cm3)

1. 0~~2
1.009
1.036
1.016
1.102
1.039
1.001
1.000
1.001
1•01~7
1 .07'8
1.093
1.008
1. Ei3
1.103
1.017
1.015
1.061
1.0113
1.008
1;012
1 .0::12
1.020
1.001
1.0g8
1. 0~1

Culebra Formation-Fluid Densities at the

WIPP-Area Boreholes
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Model Indices Grid Block Freshwater Fluid
I J K Center Elev m Head m Density k:g/m3

._----- ............ - .......... - .............................. .................... --- ..... _------

~estern Boundary
.................................

1 1 1 897.5 907.3 1000.0
1 2 1 899.8 907.5 1000.0
1 3 1 901.2 907.8 1000.0
1 4 1 902.1 908.2 1000.5
1 5 1 902.6 908.5 1001. 5
1 6 1 901.8 909.0 1002.2
1 7 1 901.9 909.3 1002.7
1 8 1 901.9 909.6 1003.0
1 9 1 901.8 910.0 1003.3
1 10 1 901.6 910.5 1003.5
1 11 1 901.2 911.1 1003.7
1 12 1 900.7 911.5 1003.5
1 13 1 900.0 912.0 1003.4
1 14 1 899.3 912.4 1003.3
1 15 1 898.6 912.8 1003.1
1 16 1 897.7 913.9 1002.9
1 17 1 896.2 914.4 1002.7
1 18 1 895.2 914.9 1002.4
1 19 1 894.5 915.2 1002.3
1 20 1 893.9 915.5 1002.1
1 21 1 893.2 915.8 1001.9
1 22 1 892.5 916.1 1001.7
1 23 1 891.8 916.4 1001.5
1 24 1 891.2 916.7 1001.3
1 25 1 890.4 917.0 1001.2
1 26 1 889.2 917.5 1000.9
1 27 1 887.7 918.2 1000.6
1 28 1 886.4 918.7 1000.4
1 29 1 885.0 919.2 1000.3
1 30 1 884.1 919.6 1000.2
1 31 1 883.0 920.1 1000.1
1 32 1 881.9 920.7 1000.0
1 33 1 881.3 921.1 1000.0
1 34 1 880.9 921.4 1000.0
1 35 1 880.4 921.7 1000.0
1 36 1 879.5 922.3 1000.0
1 37 1 878.3 923.3 1000.0
1 38 1 877.1 924.6 1000.0
1 39 1 876.2 925.9 1000.0
1 40 1 876.8 928.0 1000.0
1 41 1 878.3 930.0 1000.0
1 42 1 880.9 931.5 1000.0
1 43 1 883.8 932.6 1000.0

Drawn by Date

Checked by Date
Boundary Conditions Simulationfor' the Initial

Revisions Date
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Model Indices Grid Block Freshwater Fluid
I J K Center Elev m Head m Density kg/m3

............... .. ............ . ... __ .. .. .............................. ...... -_ ...... .. .........................

Northern Boundary
..................................

1 44 1 886.4 936.5 1000.0
2 44 1 884.7 937.7 1000.9
3 44 1 879.9 938.3 1009.7
4 44 1 881.1 938.4 1016.7
5 44 1 881.9 938.4 1021.2
6 44 1 882.3 938.4 1027.7
7 44 1 882.0 938.4 1031. 8
8 44 1 880.6 938.3 1036.2
9 44 1 877.8 938.3 1040.8

10 44 1 875.1 938.2 1044.3
11 44 1 873.2 938.1 1046.5
12 44 1 871.7 938.1 1048.1
13 44 1 870.1 938.1 1049.7
14 44 1 868.5 938.0 1051. 3
15 44 1 867.1 938.0 1052.8
16 44 1 865.8 938.0 1054.1
17 44 1 864.5 937.9 1055.4
18 44 1 862.8 937.9 1053.4
19 44 1 859.7 937.8 1056.3
20 44 1 855.3 937.7 1063.1
21 44 1 850.1 937.5 1068.5
22 44 1 843.1 937.4 1076.4
23 44 1 833.4 937.1 1086.3
24 44 1 815.6 936.7 1105.4
25 44 1 785.9 936.1 1134.7
26 44 1 755.3 935.7 1163.0

Southern Boundary
_ .. _--- .. ------_ .....

2 1 1 893.2 909.7 1000.0
3 1 1 886.9 910.8 1000.0
4 1 1 880.5 910.5 1000.9
5 1 1 874.7 910.4 1004.7
6 1 1 869.1 910.3 1008.7
7 1 1 864.2 910.3 1012.9
8 1 1 858.9 910.3 1017.4
9 1 1 855.3 910.2 1022.4

10 1 1 850.6 910.2 1026.8
11 1 1 847.8 910.2 1029.3
12 1 1 845.7 910.2 1031.1
13 1 1 843.5 910.2 1035.0
14 1 1 841.3 910.2 1036.8
15 1 1 839.3 910.2 1038.3
16 1 1 837.6 910.2 1039.7
17 1 1 835.8 910.2 1041.1
18 1 1 833.4 910.2 1043.0
19 1 1 829~ 1 910.3 1045.7
20 1 1 823.1 910.7 1047.7
21 1 1 815.8 911.0 1051.7
22 1 1 806.2 911.5 1055.9
23 1 1 793.4 912.5 1060.0
24 1 1 771.9 914.2 1062.9
25 1 1 740.7 917.1 1060.6
26 1 1 709.3 920.2 1055.1

Drawn by Date

Checked by Date Boundary Conditions for' Initi11 Simu1.d.tio!1the
Revisions Date
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Location

H-1
H-2
H-3
H-4
H-5
H-6
H-7

H-10
H-11
H-12
H-14
H-15
H-17
p-14
P-15
P-17

WIPP-12
WIPP-13
WIPP-18
WIPP-25
WIPP-26
WIPP-27
WIPP-28)J

,';.,ll,J r
WIPP-30'

CB-1
DOE-1
DOE-2

*See Appendix E.

Difference Between
Calculated and Observed

Freshwater Head (m)

-3.71
-5.21
-.04
.88

-10.02
-11 .61
-2.13
-.87
4.64
1. 51
1.54
1. 75
3.55

-8.70
-2.69
1. 63

-10.94
-12.66
-9.71

-11 .78
-2.73
-6.07
-3.24
-8.82
2.90
3.19

-12.70

uncertainty of Observed
Freshwater Head (m)

±2.0
±2.5
±3.0
±2.0
±2.0
±2.0
±1.0
±2.5
±2.0
±1. 5
±1. 5
±5.0
N/A*
±2.0
±2.5
±2.5
±3.0
±2.5
±2.0
±2.0
±1.5
±1.5
±1. 5
±2.0
±2.0
±2.5
±2.5

Drawn by

Checked by

Revisions

Date

Date

Date

Differences Between Calculated and Observed

Freshwater Heads for the Initial Simulation

INT""tIl.D\ Technologies
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Model Indices Grid Block Freshwater Fluid
I J K Center Elev m Head m Density kg/m3

.. .. .... .. .. .. .... .. .. .... .. ............. . ..................... .................... .. ......... _-.---

Western Boundary
......................

1 1 1 897.5 910.0 1000.0
1 2 1 899.8 910.6 1000.0
1 3 1 901.2 911.(1 1000.0
1 4 1 902.1 911.4 1000.5
1 5 1 902.6 911.8 1001.5
1 6 1 901.8 912.0 1002.2
1 7 1 901.9 912.4 1002.7
1 8 1 901.9 912.8 1003.0
1 9 1 901.8 913.2 1003.3
1 10 1 901.6 913.6 1003.5
1 11 1 901.2 914.0 1003.7
1 12 1 900.7 914.4 1003.5
1 13 1 900.0 914.8 1003.4
1 14 1 899.3 915.2 1003.3
1 15 1 898.6 915.6 1003.1
1 16 1 897.7 916.0 1002.9
1 17 1 896.2 916.8 1002.7
1 18 1 895.2 917.6 1002.4
1 19 1 894.5 918.3 1002.3
1 20 1 893.9 919.1 1002.1
1 21 1 893.2 919.8 1001. 9
1 22 1 892.5 920.6 1001. 7
1 23 1 891.8 921.3 1001.5
1 24 1 891.2 922.1 1001.3
1 25 1 890.4 922.9 1001. 2
1 26 1 889.2 973.6 1000.9
1 27 1 887.7 ",,,,... 4 1000.6
1 28 1 886.4 925.1 1000.4
1 29 1 885.0 925.9 1000.3
1 30 1 884.1 926.6 1000.2
1 31 1 883.0 927.5 1000.1
1 32 1 881.9 928.2 1000.0
1 33 1 881.3 929.0 1000.0
1 34 1 880.9 929.7 1000.0
1 35 1 880.4 930.5 1000.0
1 36 1 879.5 931.2 1000.0
1 37 1 878.3 932.1 1000.0
1 38 1 877.1 934.0 1000.0
1 39 1 876.2 934.5 1000.0
1 40 1 876.8 936.0 1000.0
1 41 1 878.3 938.0 1000.0
1 42 1 880.9 939.0 1000.0
1 43 1 883.8 940.0 1000.0

"9

Drown by Date

Checked by Date Boundary Conditions for' the Steady-State
Revisions Date Calibr'ated Model
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Model Indices Grid Block Freshwater Fluid
I J Ie Center Elev m Head m Dens i ty kg/m3

.. .. .. ... .. .. .. ... .. .. .. .. .. .. .. ............ .. .... _........ _--- .... _ .. ------ .. ....................

Northern Boundary
- .. --- ..... _-_ ....... _-

1 44 1 886.4 942.4 1000.0
2 44 1 884.7 941.7 1000.9
3 44 1 879.9 941.0 1009.7
4 44 1 881.1 941.1 1016.7
5 44 1 881.9 941.2 1021.2
6 44 1 882.3 941.4 1027.7
7 44 1 882.0 941.5 1031. 8
8 44 1 880.6 941.7 1036.2
9 44 1 877.8 941.9 1040.8

10 44 1 875.1 942.0 1044.3
11 44 1 873.2 942.1 1046.5
12 44 1 871.7 942.2 1048.1
13 44 1 870.1 942.2 1049.7
14 44 1 868.5 942.3 1051.3
15 44 1 867.1 942.3 1052.8
16 44 1 865.8 942.4 1054.1
17 44 1 864.5 942.4 1055.4
18 44 1 862.8 942.5 1053.4
19 44 1 859.7 942.6 1056.3
20 44 1 855.3 942.7 1063.1
21 44 1 850.1 942.8 1068.5
22 44 1 843.1 943.0 1076.4
23 44 1 833.4 943.3 1086.3
24 44 1 815.6 943.7 1105.4
25 44 1 785.9 944.3 1134.7
26 44 1 755.3 946.0 1163.0

Southern Boundary
- ............. _ .. - .... _-

2 1 1 893.2 910.0 1000.0
3 1 1 886.9 910.0 1000.0
4 1 1 880.5 910.0 1000.9
5 1 1 874.7 910.0 1004.7
6 1 1 869.1 910.0 1008.7
7 1 1 864.2 910.0 1012.9
8 1 1 858.9 910.0 1017.4
9 1 1 855.3 910.0 1022.4

10 1 1 850.6 910.0 1026.8
11 1 1 847.8 910.0 1029.3
12 1 1 845.7 910.0 1031. 1
13 1 1 843.5 910.0 1035.0
14 1 1 841.3 910.0 1036.8
15 1 1 839.3 910.0 1038.3
16 1 1 837.6 910.0 1039.7
17 1 1 835.8 910.3 1041.1
18 1 1 833.4 910.5 1043.0
19 1 1 829.1 911.0 1045.7
20 1 1 823.1 911.5 1047.7
21 1 1 815.8 912.0 1051. 7
22 1 1 806.2 912.5 1055.9
23 1 1 793.4 913.0 1060.0
24 1 1 771.9 914.0 1062.9
25 1 1 740.7 918.0 1060.6
26 1 1 709.3 920.1 1055.1

Drawn by

Checked by

Revisions

Date

Date

Date

Boundary Conditions for the Steady-State

Calio['ated Model
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Difference Between
Location Calculated and Observed Uncertainty of Observed

Freshwater Head (m) Freshwater Head (m)

H-1 -1.37 ±2.0
H-2 .24 ±2.5
H-3 -1. 68 ±3·0
H-4 -.33 ±2.0
H-5 1.69 ±2.0
H-6 1. 47 ±2.0
H-7 -2.13 ±1.0

H-10 -1.04 ±2.5
H-11 1. 54 ±2.0
H-12 .64 ±1.5
H-14 .81 ±1.5
H-15 2.09 ±5.0
H-17 .89 N/A*
P-14 .98 ±2.0
P-15 .50 ±2.5
P-17 -1. 17 ±2.5

WIPP-12 .33 ±3.0
WIPP-13 .47 ±2.5
WIPP-18 -1.40 ±2.0
WIPP-25 -1.67 ±2.0
WIPP-26 .24 ±1.5
WIPP-27 .55 ±1.5
WIPP-28 .32 ±1.5
WIPP-30 .43 ±2.0

CB-1 .49 ±2.0
OOE-1 .32 ±2.5
OOE-2 .46 ±2.5

*See Appendix E.

Drown by Dote Differences Between Calculated and Observed
Checked by Dote

Freshwater Heads for the Steady-State
Revisions Dote

Calibrated Model

I~tIL.1\ Technologies Table 4.4
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Diffe~ences Between
Location Calculated and Obse~ved Unce~tainty of Obse~ved

F~eshwate~ Head em) Freshwate~ Head em)

H-1 1.11 ±2.0
H-2 1. 88 ±2.5
H-3 1. 83 ±3.0
H-4 2.67 ±2.0
H-5 1.89 ±2.0
H-6 1. 48 ±2.0
H-7 -2.13 ±1.0

H-10 -.98 ±2.5
H-11 5.16 ±2.0
H-12 .91 ±1. 5
H-14 3.93 ±1.5
H-15 5.01 ±5.0
H-17 3.07 N/A*
P-14 1.01 ±2.0
P-15 1. 34 ±2.5
P-17 .79 ±2.5

WIPP-12 .74 ±3.0
WIPP-13 .50 ±2.5
WIPP-18 -.36 ±2.0
WIPP-25 -1.67 ±2.0
WIPP-26 .24 ±1.5
WIPP-27 .55 ±1. 5
WIPP-28 .32 ±1.5
WIPP-30 .44 ±2.0

CB-1 3.31 ±2.0
DOE-1 4.00 ±2.5
DOE-2 .48 ±2.5

*See Appendix E.

Drown by Dote Differences Between CalcUlated and Observed
Checked by Dote Freshwate~ Heads fo~ Sensitivity Case 2
Revisions Dote (Intermediate-T~ansmissivity-Value Pilot

Points Nea~ H-l1)

INrt.R..'\ Technologies Table 4.6
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Location

H-1
H-2
H-3
H-4
H-5
H-6
H-7

H-10
H-11
H-12
H-14
H-15
H-17
P-14
P-15
P-17

WIPP-12
WIPP-13
WIPP-18
WIPP-25
WIPP-26
WIPP-27
WIPP-28
WIPP-30

CB-1
OOE-1
OOE-2

Differences Between
Calculated and Observed

Freshwater Head em)

3.63
3.63
5.26
4.06
2.09
1. 48

-2.12
-.91
8.65
1.04
7.70
7.79
5.52

.91
1.04
2.87
1. 13

.51

.65
-1.68

.24

.55

.32

.44
5.41
7.41

.49

uncertainty of Observed
Freshwater Head em)

±2.0
±2.5
±3.0
±2.0
±2.0
±2.0
±1. 0
±2.5
±2.0
±1. 5
±1.5
±5.0
N/A*
±2.0
±2.5
±2.5
±3.0
±2.5
±2.0
±2.0
±1. 5
±1. 5
±1.5
±2.0
±2.0
±2.5
±2.5

*See Appendix E.

Drawn by

Checked by

Revisions

Date

Date

Date

Differences Between Calculated and Observed
Freshwater Heads for Sensitivity Case 1
(Without High-Transmissivity-Value Pilot
Points Near H-ll)

u...1...NTE_....~.......·_~_T...,ec....h_n_O_I_O_g_ie_s....&. ........__T_ab_l_e_4_......5_""""" .,
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Diffe~ence Between
Location Calculated and Obse~ved Unce~tainty of Obse~ved

F~eshwate~ Head (m) F~eshwate~ Head (m)

H-1 -.08 ±2.0
H-2 1. 22 ±2.5
H-3 .00 ±3.0
H-4 1. 43 ±2.0
H-5 2.00 ±2.0
H-6 1. 72 ±2.0
H-7 -.24 ±1.0
H-10 -.68 ±2.5
H-11 3.39 ±2.0
H-12 2.50 ±1.5
H-14 2.38 ±1.5
H-15 3.58 ±5.0
H-17 2.78 N/A*
P-14 1. 54 ±2.0
P-15 1.89 ±2.5
P-17 .73 ±2.5

WIPP-12 .74 ±3.0
WIPP-13 .71 ±2.5
WIPP-18 -.71 ±2.0
WIPP-25 -1.23 ±2.0
WIPP-26 1. 49 ±1.5
WIPP-27 .61 ±1.5
WIPP-28 .39 ±1. 5
WIPP-30 .61 ±2.0

CB-l 2.34 ±2.0
DOE-l 2.14 ±2.5
DOE-2 .69 ±2.5

*See Appendix E.

Drown by Dote
Diffe~ences Between Calculated and Observed

Checked by Dote F~eshwater Heads for Sensitivity Case 3
Revisions Dote (Inc~eased Heads Along the Southwestern

Bounda~ies)
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APPENDIX A BOREHOLE COORDINATES

A spreadsheet of the borehole coordinates (Table A.1) was generated to

reduce the possibility of error in calculating UTM coordinates for the

WIPP-area boreholes. A spreadsheet program was utilized to calculate the

relative-distance vector from a borehole to the nearest reference borehole

within the same township and range. A reference borehole is a borehole

which has UTM coordinates determined by the satellite survey performed in

1984 (Hydro Geo Chern, 1985). These boreholes are identified in the

reference column of the spreadsheet with SAT SUR 84. With the exception

of the reference boreholes, the reference column refers the reader to the

data source for the distances used to locate a well in a section of a

township and range.

Once the relative-distance vector between a borehole and its refecence

borehole is calculated, the spreadsheet algori then rotates the distance

components 0.633 degrees clockwise to the UTM-coordinate system. This

occurs because the township and range coordinate system is not parallel to

the UTM-coordinate system. Thus, a rotation of the relative distance

vector canponents must be performed before the relative distance may be

added to the refecence boreholes UTM coordinates. The 0.633 value was

calculated fran differences of relative angles between boreholes using UTM
satellite survey values and township and range values. The VIM

coordinates for a borehole are then simply the addi tion of the UTM

relative-distance vector to the UTM coordinates of its reference borehole.
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=========~==========================================$:==========================================

WIPP-SITE OBSERVATION-WELL UTM COORDINATE CALCULATIONS

OBSERVATION LOCATION DISTANCE IN FEET UTM REFERENCE REFERENCES
WELL SEC T R FROM SECTION LINES COORDINATES WELL

FNL FEL NORTH EAST
============================================~======~========== ================================

H-1 29 122S R31E 623.31 1082.75 3581672.40 613426.50 SAT SUR 84
H-2A 29 T22S R31E 726.17 3581.57 3581649.47 612664.55 H-1 MERCER 83
H-2B 29 T22S R31E 695.57 3619.43 3581658.92 612653.11 H-1 MERCER 83
H-2C 29 T22S R31E 637.15 3571.38 3581676.57 612667.96 H-1 MERCER 83

H-3B1 29 T22S R31E 3194.70 138.10 3580885.50 613705.75 H-1 MERCER 83
H-3B2 29 T22S R31E 3157.98 231. 32 3580897.00 613677.46 H-1 SAND86-7161
H-3B3 29 T22S R31E 3258.07 217.77 3580866.45 613681. 26 H-1 SAND86-7161

H-4A 5 123S R31E 545.89 4560.00 3578465.35 612404.00 H-4B MERCER 83
H-4B 5 T23S R31E 498.47 4647.46 3578480.10 612377.50 SAT SUR 84
H-4C 5 T23S R31E 446.36 4562.11 3578495.69 612403.69 H-4B MERCER 83
H-SA 15 T23S R31E 1093.12 184.33 3584782.92 616882.79 SAT SUR 84
H-SB 15 T23S R31E 1006.80 234.21 3584809.40 616867.88 H-5A MERCER 83
H-SC 15 123S R31E 1006.47 134.20 3584809.16 616898.36 H-5A MERCER 83
H-6A 18 T22S R31E 2'83.80 5005.07 3584962.35 610S84.55 H-6C MERCER 83
H-6B 18 T22S R31E 195.61 4957.85 3584989.07 610599.24 H-6C MERCER 83
H-6C 18 T22S R31E 280.61 4905.19 3584962.99 610615.00 SAT SUR 84
H-7A 14 T23S R31E 2495.04 2787.65 3574668.93 608104.17 SAT SUR 84

H-7B1 14 T23S R30E 2565.80 2716.55 3574647.12 608125.60 H-lA MERCER 83
H-7C 14 T23S R30E 2591. 93 2812.49 3574639.48 608096.27 H-7A MERCER 83
H-8A 23 124S R30E 1962.61 1486.59 3563566.60 608641. 85 H-8B MERCER 83
H-8B 23 T24S R30E 1994.76 1405.39 3563556.53 608666.49 SAT SUR 84
H-8C 23 T24S R30E 2059.39 1470.14 3563537.05 608646.54 a-8B MERCER 83
H-9A 4 T24S R31E 2392.14 5141. 08 3568265.50 613946.29 H-9B MERCER 83
H-9B 4 T24S R31E 2391.04 4996.37 3568265.35 613990.40 SAT SUR 84
H-9C 4 T24S R31E 2479.06 5091.98 3568238.84 613960.96 H-9B MERCER 83

H-1OA 20 T23S R32E 4846.96 2068.91 3572460.79 622953.64 H-10B MERCER 83
H-10B 20 T23S R32E 4795.46 1984.84 3572476.20 622979.44 SAT SUR 84
H-lOC 20 T23S R32E 4895.46 1981. 84 3572445.71 622980.02 H-10B MERCER 83

H-11B1 33 T22S R31E 3769.33 173.91 3579137.19 615338.97 H-11B3 REDDY 7/86
H-11B2 33 T22S R31E 3843.84 168.62 3579114.47 615340.33 H-11B3 REDDY 7/86
H-llB3 33 T22S R31E 3778.49 105.22 3579134.17 615359.87 SAT SUR 84

H-12 3575441. 64 617017.80 SAT SUR 84
H-14 29 T22S R31E 4907.80 4717.60 3580378.80 612304.22 H-l REDDY 10/86
H-1S 28 T22S R31E 88.67 174.30 3581814.50 615314.45 H-l REDDY 10/86
H-16 20 T22S R31E 4167.19 1241.19 3582202.08 613384.06 H-l REDDY 8/87
H-17 3 T23S R31E 3814.00 4287.00 3577432.79 615694.72 H-4B REDDY 8/87
H-18 20 T22S R31E 964.00 4834.00 3583190.47 612299.82 H-l REDDY 9/87

P-1 29 T22S R31E 4952.00 4728.00 3580365.36 612300.90 H-1 MERCER 83
P-2 28 T22S R31E 121. 00 171.00 3581804.64 615315.35 H-1 MERCER 83
P-3 20 T22S R31E 5176.00 3126.00 3581900.96 612806.20 H-1 MERCER 83
P-4 28 T22S R31E 5131. 00 1485.00 3580282.09 614897.98 H-1 MERCER 83
P-5 17 T22S R31E 5094.00 160.00 3583525.22 613728.26 H-1 MERCER 83
P-6 30 T22S R31E 2509.00 5085.00 3581128.94 610591. 06 8-1 MERCER 83
P-7 5 T23S R31E 514.00 4887.00 3578476.17 612304.44 H-4B MERCER 83
P-8 4 T23S R31E 640.00 5188.00 3578421.00 613821.54 H-4B MERCER 83
P-9 33 T22S R31E 3787.00 126.00 3579186.28 615329.43 P-18 MERCER 83

P-10 26 T22S R31E 2341.00 4957.00 3581216.96 617098.20 P-18 MERCER 83
P-ll 23 T22S R31E 156.00 5097.00 3583458.04 616980.12 H-5A MERCER 83
P-12 24 T22S R30E 165.00 198.00 3583421.53 610462.71 P-14 MERCER 83
P-13 18 T22S R31E 110.00 5133.00 3585015.76 610546.14 8-6C MERCER 83
P-14 24 T22S R30E 4971.00 4667.00 3581971. 79 609084.43 SAT SUR 84
P-15 31 T22S R31E 4869.00 5090.00 3578739.00 610624.60 SAT SUR 84
P-16 5 T23S R31E 4341. 00 3633.00 3577305.54 612673.75 8-4B MERCER 83
P-17 4 T23S R31E 3924.00 4882.00 3577419.05 613903.74 H-4B MERCER 83

Drawn by Date

Checked by Date
Borehole UTM CoordinatesltlIPP-Area

Revisions Date

I-D9700R554
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==========================================================================:======================
WIPP-SITE OBSERVATION-WELL UTM COORDINATE CALCULATIONS

OBSERVATION LOCATION DISTANCE IN FEET UTM REFERENCE REFERENCES
WELL SEC T R FROM SECTION LINES COORDINATES HELL

FNL FEL NORTH EAST
======================================================-========-==---=====,--====================

P-18 26 T22S R31E 5141.00 733.00 3580349.33 618376.18 SAT SUR 84
P-19 23 T22S R31E 3628.00 2945.00 3582427.19 617724.88 P-18 MERCER 83
P-20 14 T22S R31E 4479.00 79.00 3583732.81 618512.75 H-5A MERCER 83
P-21 15 T22S R31E 859.00 130.00 3584854.09 616900.14 H-5A MERCER 83

WIPP-11 9 T22S R31E 711. 07 4885.92 3586564.41 613832.91 AEC-8 MERCER 83
WIPP-12 17 T22S R31E 5132.10 83.91 3583513.35 613751.32 H-1 MERCER 83
WIPP-13 17 T22S R31E 2714.32 3549.41 3584261. 93 612703.23 H-1 MERCER 83
WIPP-16 5 T21S R30E 2925.00 5140.00 3597063.02 602457.22 HIPP-27 MERCER 83
WIPP-18 20 T22S R31E 983.58 11. 45 3583168.25 613769.59 H-1 MERCER 83
WIPP-19 20 T22S R31E 2292.66 12.68 3582769.27 613764.81 H-1 MERCER 83
WIPP-21 20 T22S R31E 3728.92 11. 74 3582331.51 613760.25 H-1 MERCER 83
WIPP-22 20 T22S R31E 2735.55 11.94 3582634.28 613763.54 H-1 MERCER 83
WIPP-25 15 T22S R30E 3427.28 2838.10 3584025.22 606386.67 SAT SUR 84
WIPP-26 29 T22S R30E 2232.27 12.20 3581041. 22 603994.77 SAT SUR 84
WIPP-27 21 T21S R30E 89.79 3794.97 3593077 . 03 604432.62 SAT SUR 84
WIPP-28 18 T21S R31E 98.72 2400.99 3594734.96 611376.93 WIPP-30 SAT SUR 84
WIPP-29 34 T22S R29E 4873.38 1827.54 3578773.00 596940.83 SAT SUR 84
WIPP-30 33 T21S R31E 667.50 5102.59 3589707.33 613716.77 SAT SUR 84
WIPP-33 13 T22S R30E 3518.00 2853.00 3584017.80 609659.99 P-14 MERCER 83
WIPP-34 9 T22S R31E 5078.00 3280.00 3585228.02 614307.66 AEC-8 MERCER 83

AEC-7 31 T21S R32E 2040.00 2040.00 3589376.43 621131.67 SAT SUR 84
AEC-8 11 T22S R31E 935.00 3301.00 3586455.24 617533.75 SAT SUR 84

ERDA-6 35 T21S R31E 3128.00 910.00 3588907.71 618204.85 mPF-30 MERCER 83
ERDA-9 20 I22S R31E 5012.77 176.74 3581940.77 613705.64 H-1 MERCER 83

ERDA-10 34 T23S R30E 200.00 2327.00 3570556.86 606589.67 H-7A MERCER 83
CB-1 5 T23S R31E 1989.50 2017.06 3578016.79 613174.18 H-4B REDDY 2/87

ENGLE 4 T24S R31E 5020.00 1980.00 3567453.92 614900.89 H-9B SAND87-0039
USGS-1 34 T23S R30E 3630.00 2970.00 3569513.62 606382.14 H-7A COOPER GLANZ
FF-127 2 T23S R30E 4867.50 412.50 3577156.37 608855.66 H-7A COOPER GLANZ

DOE-1 28 T22S R31E 5098.00 610.00 3580298.26 615196.33 SAT SUR 84
DOE-2 8 T22S R31E 4575.93 128.19 3585119.40 613720.11 SAT SUR 84

WHS 20 T22S R31E 4612.00 551.00 3582064.18 613592.92 H-1 DOE RPT# TME3179
CSS 20 T22S R31E 4212.00 576.00 3582186.18 613586.65 H-1 DOE RPT# TME3179
EXS 20 T22S R31E 4612.00 151. 00 3582062.83 613714.83 H-1 DOE RPT# TME3179

Drawn by Date

Cheeked by Date

Revisions Date
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APPENDIX B CULEBRA ELEVATIONS

The Culebra elevations in meters above mean sea level (m arnsl) in the

WIPP-area boreholes are presented in Table B.l. The elevations are

calculated fran the referenced ground-surface elevations and the

stcatigraphic information taken fr-om data sources for these particular

boreholes. Sever-al r-eferences are used for the ground-sur-face elevation

values including published references, personal communication wi th

R. L. Beauheim at Sandia National Labor-atories, and recent surveys

per'formed by D. Reddy of Carlsbad, New Mexico. Where possible, the

Beauheim-recornmended elevation was chosen as the most r-epresentative.

In ins tances where boreholes did not have a Beauheim-recommended value,

other r-eferences were used to determine a ground-surface elevation.

TI1e depths to the Culebra top, center, and bottom are listed in Table B.1

and are taken from INTERA (1987). These values are pr-esented in feet

below ground surface. The elevations of the top, center, and bottom of

the Culebra in meters above mean sea level are also listed in Table B.l.

These values ar-e calculated from the surface elevations and depth values.

REFERENCES:

Beauheim, R. L., 1987. Interpr-etations of Single-\'Jell Hydraulic Tests

Conducted at and Near the Waste Isolation Pilot Plant (WIPP) Site,

1983-1987. Sandia National Laboratories, SAND87-0039.

Davies, P.B., 1988. Variable-Density Ground-Water Flow and Paleohydrology

in the Region Surrounding the Waste Isolation Pilot Plant (WI?P),

Southeastern New Mexico. U.S. Geological Survey, Water Resources

Investigations.
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INTERA Technologies, Inc., 1986. WIPP Hydrology Program., Waste Isolation

Pilot Plant, SENM, Hydrologic Data Report 113. Sandia National

Laboratories, Contractor Report SAND86-7109.

INTERA Technologies, 1987. Field Operations Plan for Monitoring of

Ground-Water Observation Wells at the Waste Isolation Pilot Plant

(WIPP) Site. Prepared for Sandia National Laboratories.

Mercer, J.W., 1983. Geohydrology of the Proposed Waste Isolation Pilot

Plant Site, Los Medanos Area, Southeastern New Mexico. U.S.

Geological Survey, Water-Resources Investigations 83-4016, 113 p.

Reddy, D., 1986. Personal Communication, Carlsbad, New Mexico.

Reddy, D., 1987. Personal Cammunication, Carlsbad, NewME,xico.
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==========================================================================================
ELEVATION DATA BASE - UPDATED 12-29-87

\JELL GROUND- GROUND- CULEBRA CULEBRA CUL
SURFACE ELEV SURFACE ELEV DEPTH ELEVATION THICK

FT AMSL SOURCE FT BGS MAMSL M
T C B T C B

==========================================================================================

H-1 3397.9 MERCER 83 676 688 699 829.6 826.1 822.6 7.0

H-2A 3377.8 RLB 623 634 645 839.7 836.3 833.0 6.7
H-2B1 3377.6 RLB 624 633 642 839.3 836.6 833.8 5.5
H-2B2 3377.6 REDDY 623 634 645 839.6 836.2 832.9 6.7
H-2C 3377.7 RLB 624 633 642 839.3 836.6 833.8 5.5

H-3B1 3389.4 RLB 670 682 694 828.9 825.2 821.6 7.3
H-3B2 3388.3 S 86-7109 676 688 700 826.7 823.1 819.4 7.3
H-3B3 3387.1 S 86-7109 673 685 696 827.3 823.8 820.3 7.0

H-4A 3332.8 RLB 496 508 520 864.7 861.0 857.3 7.3
H-4B 3332.7 RLB 490 503 516 866.4 862.5 858.5 7.9
H-4C 3332.5 RLB 490 503 516 866.4 862.4 858.5 7.9

H-5A 3505.6 RLB 897 909 920 795.1 791.6 788.1 7.0
H-5B 3505.4 RLB 897 909 920 795.0 791.5 788.0 7.0
H-5C 3505.8 RLB 899 912 924 794.5 790.7 786.9 7.6

H-6A 3347.3 MERCER 83 604 616 627 836.1 832.6 829.1 7.0
H-6B 3347.6 MERCER 83 604 616 627 836.2 832.7 829.2 7.0
H-6C 3347.9 MERCER 83 604 616 627 836.3 832.8 829.3 7.0

H-7Bl 3163.6 RLB 237 256 274 892.0 886.4 880.8 11.3
H-7B2 3164.0 CALCULATED 237 256 274 892.1 886.5 880.9 11.3
H-7C 3163.4 RLB 237 256 274 892.0 886.3 880.7 11.3

H-8B 3433.8 S 87-0039 588 601 614 867.4 863.4 859.5 7.9
H-8C 3433.0 MERCER 83 588 601 614 867.2 863.2 859.2 7.9

H-9A 3405.4 RLB 647 662 677 840.8 836.2 831.6 9.1
H-9B 3405.6 MERCER 83 647 662 677 840.8 836.2 831.7 9.1
H-9C 3405.9 MERCER 83 647 662 677 840.9 836.3 831.8 9.1

H-l0B 3687.0 MERCER 83 1360 1376 1391 709.3 704.5 699.8 9.4
H-l0C 3686.9 MERCER 83 1360 1376 1391 709.2 704.5 699.8 9.4

H-11Bl 3412.1 REDDY 730 743 756 817.5 813.5 809.6 7.9
H-l1B2 3412.1 REDDY 733 745 757 816.6 812.9 809.3 7.3
H-l1B3 3412.1 REDDY 734 747 759 816.3 812.5 808.7 7.6

H-12 3426.0 REDDY 823 837 850 793.4 789.3 785.2 8.2

H-14 3345.6 RLB 545 559 572 853.6 849.5 845.4 8.2

H-15 3480.2 RLB 861 872 883 798.3 795.0 791.6 6.7

H-16 3409.6 REDDY 700 712 724 826.0 822.2 818.4 7.6

H-17 3384.0 REDDY 706 719 731 816.3 812.4 808.5 7.8

Drown by Dote

Checked by Dote G::'~und-Surface and CulebraDolomite
Revisions Dote
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=====================================================================:=====================
ELEVATION DATA BASE - UPDATED 12-29-87

IoIELL GROUND- GROUND- CULEBRA CULEBRA CUL
SURFACE ELEV SURFACE ELEV DEPTH ELEVATION THICK

FT AMSL SOURCE FT BGS MAMSL M
T C B T C B

=====================================================================:=====================

DOE-1 3465.1 REDDY 820 832 843 806.2 802.7 799.2 7.0

DOE-2 3418.4 RLB 824 835 846 790.8 787.4 784.1 6.7

P-1 3345.1 MERCER 83 538 552 565 855.6 851.5 847.4 8.2

P-2 3479.4 MERCER 83 857 870 883 799.3 795.3 791.4 7.9

P-3 3382.7 MERCER 83 642 654 665 835.4 831.9 828.4 7.0

P-4 3443.8 MERCER 83 775 789 802 813.5 809.3 805.2 8.2

P-5 3470.9 MERCER 83 804 816 827 812.9 809.4 805.9 7.0

P-6 3354.1 MERCER 83 537 549 560 858.7 855.1 851.6 7.0

P-7 3332.0 MERCER 83 496 509 522 864.4 860.5 856.5 7.9

P-8 3338.6 MERCER 83 563 576 588 846.0 842.2 838.4 7.6

P-9 3411.5 MERCER 83 734 746 757 816.1 812.6 809.1 7.0

P-10 3509.3 MERCER 83 931 944 957 785.9 781.9 777.9 7.9

P-11 3503.9 MERCER 83 912 925 938 790.0 786.0 782.1 7.9

P-12 3373.6 MERCER 83 633 645 656 835.3 831.8 828.3 7.0

P-13 3345.2 MERCER 83 604 616 627 835.5 832.0 828.5 7.0

P-14 3359.8 REDDY 573 584 595 849.4 846.1 842.7 6.7

P-15 3309.8 RLB 413 424 435 882.9 879.6 876.2 6.7

P-16 3317.9 MERCER 83 500 512 523 858.9 855.4 851.9 7.0

P-17 3335.8 REDDY 558 571 583 846.7 842.9 839.1 7.6

P-18 3477.3 REDDY 912 926 940 781.9 777.6 773.4 8.5

P-19 3545.1 MERCER 83 967 982 997 785.8 781.2 776.7 9.1

P-20 3552.7 MERCER 83 953 966 979 792.4 788.4 784.5 7.9

P-21 3509.0 MERCER 83 899 912 924 795.5 791.7 787.9 7.6

IoIIPP-11 3426.1 MERCER 83 844 856 867 787.0 783.5 780.0 7.0

IoIIPP-12 3471.3 REDDY 810 823 835 811.2 807.4 803.5 7.6

IoIIPP-13 3405.4 RLB 701 713 724 824.3 820.8 817.3 7.0

Drawn by Date

Checked by Date Ground-Surface and Culebra Dolomite
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==========================================================================================
ELEVATION DATA BASE - UPDATED 12-29-87

IJEll GROUND- GROUND- CUlEBRA CUlEBRA CUL
SURFACE ELEV SURFACE ELEV DEPTH ELEVATION THICK

FT AMSl SOURCE FT BGS H AHSL H
T C B T C B

==========================================================================================

IJI PP-18 3456.4 RLB 787 798 808 813.6 810.4 807.2 6.4

\II PP -19 3433.1 S 87-0039 756 768 779 816.0 812.5 809.0 7.0

IJIPP-21 3417.1 REDDY 729 741 753 819.3 815.7 812.0 7.3

IJIPP-22 3425.8 S 87-0039 742 753 764 818.0 814.7 811.3 6.7

IJIPP-25 3212.5 RlB 447 460 472 842.9 839.1 835.3 7.6

IJIPP-26 3151.7 RlB 186 198 209 904.0 900.4 896.9 7.0

IJIPP-27 3177.2 RLB 292 305 318 879.4 875.4 871.5 7.9

IJIPP-28 3346.6 RlB 420 433 446 892.0 888.1 884.1 7.9

IJIPP-29 2977.0 RLB 12 27 42 903.7 899.1 894.6 9.1

IJIPP-30 3427.5 RlB 631 642 653 852.4 849.0 845.7 6.7

ERDA-6 3540.2 HERCER 83 710 723 735 862.6 858.8 855.0 7.6

ERDA-9 3408.8 RlB 704 716 727 824.4 820.9 817.4 7.0

ERDA -10 3371.2 MERCER 83 476 490 504 882.5 878.2 873.9 8.5

CB-1 3327.3 RLB 503 516 529 860.8 856.9 852.9 7.9

ENGLE T 3419.0 S 87-0039 659 670 681 841.2 837.9 834.5 6.7

AEC-7 3654.0 MERCER 83 870 883 896 848.6 844.6 840.6 7.9

AEC-8 3531.5 MERCER 83 833 846 859 822.5 818.5 814.6 7.9

FFG242 + 726.2

AVG = 7.7 m
THICKNESS

REFERENCES

+ . FFG242 DEPTH TO BASE OF CULEBRA VALUE FROM DAVIES (1988)
A THICKNESS OF EIGHT M IS ASSUMED FOR MIDPOINT-VALUE CALCULATION
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APPENDIX C CULEBRA TRANSMISSIVITIES

The Culeb~a t~ansmissivity data base is p~esented in Table C.1. Fo~ each

bo~eholet Table C.1 contains:

1) the ~efe~ences fo~ the cited t~ansmissivity values;

2) the type of tests pe~formed;

3) the ~epo~ted t~ansmissivity value in ft2 /day;

4) the equivalent t~ansmissivity in m2 /s and its log10 value;

5) the selected t~ansmissivity values used in dete~ining the

~ep~esentative value (see below fo~ explanation);

6) the ave~age log transmissivity of the selected values;

7) the representative borehole and hyd~opad transmissivity values

(and their logs) which are used in the modeling.

8) comments;

9) possible pilot-point transmissivity values (denoted by a plus

sign) .

The transmissivity values a~e tabulated based upon the type of hydraulic

test performed. Pumping and slug tests produce the t~ansmissivity values

needed in a kriging analyses (Le., local-scale values). This is because

the transmissivity is ultimately assigned to a grid block that is on the

scale of tens of meters. Thus, transmissivity values determined f~om

regional-scale interference tests, which st~ess hundreds of meters, or

f~om DST's, which stress only a very small po~tion of the fo~ation, are

not considered to rep~esent the local scale. The values dete~ined from

these large- and small-scale tes ts were therefo~e not selected in the

calculation of the final representative transmissivity. Small-scale

interference tests wi thin a hydropad are considered ~ep~esentative. For

example, each of the three wells at the H-6 hyd~opad has had several

pumping tests perfo~ed. The interfe~ence values determined wi thin the

hydropad are considered to represent local-scale conditions and were

therefore included as selected values.
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The second selection criterion is the quality of the value from the local

scale test. On several occasions, tests at a boeElhole have produced

seveeal values that aee consistent and one value that is not. This latter

value could result from a poor test or a poor analytical fit to the test

data. One example of this occurring is at borehole H-3b1, where a value

of 27 ft2/day was determined for a slug test. An earlIer bailee test gave

a value of 12 ft2/day. These values were subsequently averaged and

presented as 19 ft2/day in Mercer (1983). The other values at this well

and at the other wells i.n the hydropad are between 1 and 3 ft2/day.

Therefore, the higher number was not considered con::~istent and was not

selected for use in calculation of the mean and standc.rd deviation of the

log transmissivity values for the hydropad.

The above criteria were used as guidelines, and were not adhered to

str'ictly in all cases. OST values were selected on ~:everal occasions in

order to have more than a single value at a borehole (e.g., H-14, H-15).

The selected OST values were, however, consistent with the other values at

the boreholes.

Once values were selected, the mean of the log of the selected transmis

si vi ty values was calculated. These calculations elo not use reported

regional-interference test values.

The CUlebra transmissivity data base (Table C.1) was also used to deter

mine the uncertainty associated with the selected transmissi vi ty values.

This was done to (1) quantify the uncertainty of the transmiss i vity at a

gi ven borehole, and (2) incorporate the results int.o the K603 kriging

exercise. Therefore, the standard deviation and vari,illce of the selected

transmissi vi ty values for a gi ven borehole or hydropad were calculated.

In this calculation all data with the exception of the regional-scale

interference values were used. The resulting values are indicators for

the reproducibility of hydraulic testing results at the different hydro

pads or boreholes. It is assumed that the hydraulic tests have tested a
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sufficiently r-epresentati ve rock volume. The standard deviation,

therefore, may be interpr-eted as the uncertainty associated with the

transmissivity values. In addition, a normal error distribution is

assumed. Thus, the selected transmissivi ty value plus or minus two

standar-d deviations corresponds to a 95% confidence interval of the

transmissivity at a particular borehole or hydropad.

In order to be a reliable indicator, a statistical value such as the

standard deviation has to be based on a sufficiently large number of

measurements (e.g., 30). Most standar-d deviations in Table C.2 are based

on a much smaller number. Some of these standard deviations aroe very

small (e.g., at P-15) and appear to erroneously indicate a very low

uncer-tainty associated with the tr-ansmissivity data. Ther-efor-e, it was

assumed that the minimum uncer-tainty associated with pumping-test r-esults

is half an order- of magnitude, which cor-r'esponds to an uncer-tainty on the

log scale of 0.25 (log m2/s). For- the other tests such as DSTs or slug

tests, a minimum uncer-tainty of one order- of magnitude (cor-r-esponding to a

standard deviation of 0.5) was assumed.

The r'esulting standar-d deviations and variances as they wer'e used for- the

K603 kriging of the tr-ansmissivity field ar-e listed in the last two

columns in Table C.2.

REFERENCES

The refer-ences for- the data sour-ces ar-e listed at the end of Table C.l.
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CULEBRA TRANSMISSIVITY DATABASE· UPDATED 12-29-87

ABBREVIATJONS ; I = INTERFERENCE
R = RECOVERY
o =ORA~OOIlN

OB = OBSERVATION
C~ELL) = PUMPING ~ELL

UE = UNPUBLISHED ESTIMATE
+ =POSSIBLE VALUE fOR PILOT POINT POSITIONED

BET~EEN PUMPING AND OBSERVATION WEll

COMMENTSSELECTED
VALUES

REPORTED CULEBRA TRANSMlSSIVITIESTYPE
OF

TEST

YEAR
OF

REFERENCE

REFERENCES~ELL AVERAGE OF TRANSMISSIVITY
SELECTED VALUES VALUES USED

CPER HYDROPAD fOR KRIGING
!tUd,y m2/s log m2/s CYES or NOl OR ~ELL LOCATIONl log m2/s mUs

====================================================================================================================================================:::===================

H-l

H-2,

H-2bl

H-2b2

N-2e

H-3bl

H-3b2

H-3b3

H-48

H-4b

BEAUHEIM '87b SLUG .0.7 7.56E-07 -6.1215 YES
BEAUHEIM '87a OBCH3B2) 0.46 4.97E-07 + ·6.303B NO

MERCER 'B3 SLUG 0.07 7.56E-OB '7.1215 NO
SE~ARO 'B2 OST 0.08 8.64E-08 -7.0635 NO

BEAUHEIM '87c - O8C~-13) 20. 2.16E·05 + -4.6655 NO

MERCER '83 SLUG 0.4 4.32E-07 -6.3645 YES
GONZALEZ '83 PUMPING 0.7 7.56E-07 -6.1215 YES
SE~ARO '82 OST 0.5 5.40E-07 '6.2676 YES

BEAUNEIM '87a O8CH3BZl I.Z 1.30E-06 + -5.8874 NO
BEAUHEIM '87c O8C~-13l 16. 1.73E-05 + -4.7625 NO

BEAUHEIM '87a O8CH3B2) I.B 1.94E-06 -5.7113 YES
BEAUHEIM '87a 08(H3B3) 3.0 3.24E-06 -5.4895 YES

MERCER '83 SLUG 19.0 2.05E·05 -4.6878 NO
SE~ARO '82 OST 0.7 7.56E-07 '6.1215 NO

BEAUHEIM '87a I - 08(H3B3) 3.0 3.24E-06 -5.4895 YES
BEAUHEIH '87a PUMPING '85 1.7 1.84E-06 -5.7361 YES

BEAUHEIH '87a I - O8CH3B2) 1.8 1.94E-06 -5.7113 YES
BEAUHEIM '87a PUMPING '84 2.9 3.13E-06 -5.5042 YES

GONZALEZ '83 I - O8CH4B)0 1.7 1.84E-06 -5.7361 YES
GONZALEZ '83 I - 08CH4B)R 0.9 9.72E-07 -6.0123 YES
GONZALEZ '83 I - OB(H4C)01 1.1 1.19E-06 -5.9252 YES
GONZALEZ '83 I - OBCH4C)Rl 1.3 1.40E-06 -5.B526 YES
GONZALEZ '83 I - OB(H4Cl02 1.3 1.40E-06 -5.8526 YES
GONZALEZ '83 I - OBC H4ClR2 1.6 1.73E-06 -5.7625 YES

GONZALEZ '83 PUMPING 0 0.3 3.24E-07 '6.4895 YES
GONZALEZ '83 PUMPING REC 0.4 4.32E-07 '6.3645 YES

MERCER et 81 '81 SLUG 0.9 9.72E-07 '6.0123 YES
GONZALEZ '83 - O8C4ClOl 0.8 8.64E-07 '6.0635 YES
GONZALEZ '83 - O8C4ClRl 1.3 1.40E·06 '5.8526 YES
GONZALEZ '83 O8C4Cl02 1.2 1.30E·06 '5.8874 YES
GONZALEZ '83 OBC4ClR2 1.8 1.94E-06 -5.7113 YES
SE~ARO '82 OST 0.86 9.29E·07 -6.0321 NO

NA

-6.2512

-5.6070

-6_1215

-6.2512

'5.6070

7.56E-07

5.61E·07

Z.47E-06

VALUE ASSIGNED
TO H-' BOREHOLE

VALUE ASSIGNED
TO H-2 HYDROPAD

VALUE ASSIGNED
TO H·3 HYOROPAO

Orown by D:t.

Checked by

Revisions

D:t.

o:t.
Culebra Dolomite Transmissivity Data Base
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========================================::===============================================================================================================================
IIELL REFERENCES YEAR TYPE REPORTED C:ULEBRA TRANSMISSIVITIES SELECTED AVERAGE OF TRANSMISSIVJTY COMMENTS

OF OF VALUES SELECTED VALUES VALUES USED
REFERENCE TEST (PER HYOROPAD FOR KRIGING

f'21day m2/s log m2/s (YES or NO) OR \,jelL lOCATfON) log m2ls m2/s
:==================================================================================================:::====================================================================

H·4c BEAUHEIM '87b SLUG 0.6S 7.02E-07 -6.1537 YES
GONZALEZ '83 I - OB(H4BlO 1.5 1.62E-06 -S.790S YES
GONZALEZ '83 I - OB(H4B)R 0.7 7.56E-07 -6.121S YES
GONZALEZ '83 PUMPING 10 0.6 6.48E-07 -6.1884 YES
GONZALEZ '83 PUMPING lR 1.0 1.08E-06 -5.9666 YES
GONZALEZ '83 PUMPING 20 0.4 4.32E-07 -6_3645 YES
GONZALEZ '83 PUMPING 2R 1.7 1.84E·06 -S_ 7361 YES -S.9922 -S.9922 1.02E-06 VALUE ASSIGNED

TO H-4 HYDROPAD

H·5a GONZALEZ '83 I - OB(H5ClO O.lS 1_62E-07 -6.790S YES
GONZALEZ '83 I - 08(HSClR 0.19 Z.05E-07 -6_6878 YES
GONZALEZ '83 I - OBCHSBlO 0.11 1.19E-07 -6.9252 YES
GONZALEZ '83 I • OBCHSB)R 0.20 2.16E·07 -6.6655 YES

H-Sb GONZALEZ '83 PUMPING R 0.22 2.38E-07 -6.6242 YES
GONZALEZ '83 I - OB(HSC)O 0.12 1.30E-07 -6.8874 YES
GONZALEZ '83 I - OB(HSC)R 0.24 2.59E-07 ·6.S864 YES

OENN. & MERCER '82 SLUG 0.20 2.16E-07 -6.66SS YES
SEIIARO '82 OST 0.86 9.29E-07 -6.0321 NO

H-Se GONZALEZ '83 PUMPING 0 0.04 4.32E-08 -7_364S YES
GONZALEZ '83 PUMPING R 0.11 1_19E-07 -6_92S2 YES
GONZALEZ '83 I - OB(HSBlO 0.16 1. 73E-07 -6. 762S YES
GONZALEZ '83 I - OB(HSB)R 0.11 1.19E-07 -6.92S2 YES -6.8175 -6.8175 I.S2E-07 VALUE ASS I GNED

TO H-S NYOROPAO

H-6. 8EAUHEIM '87c I - OB(II-13) 71_ 7.67E-OS + -4.11S3 NO
GONZALEZ '83 I - OB(N6B)0 67. 7.24E-OS -4.140S YES
GONZALEZ '83 I - OB(H6B)R n. 8.32E-OS -4.0801 YES
GONZALEZ '83 I • OB(H6C)01 87. 9.40E-OS -4.0271 YES
GONZALEZ '83 I - 08(H6C)Rl 66. 7.13E-OS -4.1470 YES
GONZALEZ 83 I - OB(H6C)02 70. 7.56E-OS -4.121S YES
GONZALEZ '83 I - OB(H6C)R2 69. 7.4SE-OS -4.12n YES

H-6b BEAUHEIM '87c I - 08(11-13) 69. 7.4SE-OS + -4.12n NO
BEAUHEIM '86 I - OB(00E2) 61. 6.S9E-OS + -4.1812 NO
GONZALE2 '83 PUMPING 0 79. 8_S3E-OS -4.0689 YES
GONZALEZ '83 PUMPING R 88_ 9.5GE·OS -4.0221 YES
GONZALEZ '83 I - OB(H6C)01 86. 9.29E-OS -4.0321 YES
GONZALEZ '83 I - OB(H6C)Rl 63. 6.80E-05 -4.1672 YES
GONZALEZ '83 I - OB(H6C)D2 69. 7.45E-OS -4.12n YES
GONZALEZ '83 I - DB(H6C)R2 67. 7.24E-OS -4.140S YES

DENNEHY '82 PUMPING D '79 73. 7.88E-OS -4.1033 YES
DENNEMY '82 PUMPING R '79 83. 8.96E-OS -4.0475 YES
SEIIARD '82 DST 75. 8.10E-OS -4.0915 NO

H-be GONZALEZ '83 PUMPING lR 71. 7.67E-05 -4.11S3 YES
GONZALEZ '83 I - OB(H6BlD 70. 7.56E-OS -4_121S YES
GONZALEZ '83 I - OB(H6BlR 77. 8.32E-OS -4.D801 YES
GONZALEZ '83 PUMPING 2D 72. 7.78E·OS -4.1092 YES
GONZALEZ '83 PUMPING 2R 72. 7.78E-OS -4.1092 YES -4.0994 -4.0994 7.9SE-05 VALUE ASSIGNEO

TD H·6 HYOROPAD
H-7.
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COMMENTSSELECTED
VALUES

REPORTED CULE8RA TRANSMISSIVITlESTYPE
OF

TEST

YEAR
OF

REFERENCE

REFERENCES AVERAGE OF TRANSMISSIVITY
SELECTED VALUES VALUES USED

(PER HYOROPAD FOR KRIGING
ft2lday mUs log m2ls (YES or NO) OR WELL LOCATION) log rte/s mUs

=====================================================================================================:::===================================================================

\/ELL

N-7b1 MERCER 'S3 PUMPING >1000 1.00E-03 -3.0000 YES

N'7b2 INTERA UE PUMPING '86 1134. 1.22E·03 -2.9120 YES

H-7c

H-Sa

H-Sb SEAUHEIM 'S7b PUMPING S.2 S.S6E-06 -5.052S YES
MERCER '83 PUMPING 16.0 1.73E-05 -4.7625 NO

H-Se

H-9.

H-9b MERCER 'S3 PUMPING 23lo 2.49E-04 -3.6030 YES
INTERA UE PUMPING '83 111. 1.20E-04 '3.9213 YES

H·9c

H-l0a

H-l0b MERCER '83 SLUG 0.07 7.56E-OS -7.1215 YES

H-10e

H-11b1 SAULNIER 'S7 PUMPING '84 11.3 1.22E·05 -4.9135 NO
SAULNIER 'S7 I - 08(H1183)'84 25.5 2.75E-05 -4.5600 YES
SAULNIER 'S7 I - 08(H1183)'S5 24.S 2.6SE-D5 -4.5721 YES
SAULNIER 'S7 I - 08(H1182) 25.4 2.74E-05 -4.5617 YES
8EAUHEIM '87a I - 08(H382) 6.S 7.34E-06 + -5.1341 NO

H-l1b2 SAULNIER 'S7 I - OS(H1183)'84 23.S 2.57E-05 -4.5900 YES
SAULNIER 'S7 I - 08(H1183)'85 26.4 2.S5E-05 -4.5450 YES
SAULNIER 'S7 I - 08(H1181) 23.4 2.53E-05 -4.5974 YES

H-llb3 SAULNIER 'S7 PUMPING '84 26.1 2.S2E-05 -4.5499 YES
SAULNIER 'S7 PUMPING '85 30.7 3.32E-05 -4.4794 YES
SAULNIER 'S7 I - 08(H1181) 26.0 2.S1E-05 -4.5516 YES
SAULNIER 'S7 I - 08(H1182) 23.9 2.58E-05 -4.5882 YES

H-12 INTERA UE SLUG '81 .17 1.S4E-07 -6.7361 YES
INTERA UE PUMPING 'S4 .042 4.54E-OS -7.3433 NO

H-14 8EAUHEIM '87b SLUG 0.30 3.24E-07 -6.4895 YES
8EAUHEIM 'S7b DST 0.31 3.35E-07 -6.4752 YES

H-15 SEAUHElM 'S7b SLUG 0.10 1.08E-07 -6.9666 YES
SEAUHElM 'S7b DST 0.15 1.62E-07 -6.7905 YES

H-16 8EAUHEIM UE SLUG .70 7.56E-07 -6.1215 YES

-2.9560

-5.0528

-3.7621

NA

-4.5595

NA

-6.4823

-6.8785

NA

-2.9560 lol1E-03 VALUE ASSIGNED
TO H-7 HYDROPAO

-5.0528 8.86E-06 VALUE ASSI GNEO
TO H-8 HYDROPAD

-3.7621 1.73E-04 VALUE ASSIGNED
TO H-9 HYDROPAD

-7.1215 7.56E-OS VALUE ASS [GNED
TO H- 10 HYDROPAO

-4.5595 2.76E-05 VALUE ASSIGHEO
TO H- 11 HYOROPAO

'6.7361 lo84E-07 VALUE ASSIGNEO
TO H-12 80REHOLE

-6.4823 3.29E-07 VALUE ASS I GNEO
TO H·14 80REHOLE

-6.8785 lo32E-07 VALUE ASSIGNED
TO H-15 80REHOLE

'6.1215 7.56E-07 VALUE ASSIGNED
TO H' 16 80REHOLE
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REPORTED CULEBRA TRANSMtSSIVITIESWELL REFERENCES YEAR
OF

REFERENCE

TYPE
OF

TEST
ft2lday mUs log mUs

SElECTED AVERAGE OF
VALUES SELECTED VALUES

<PER HYOROPAD
(YES or NO) OR IJElL LOCATION)

TRANSMISSIVITY
VALUES USED
FOR KRIGING

log m2ls m2ls

COMMENTS

H-17

oOE-l

00E-2

P-l

P-2

P-3

P-4

P-5

P-6

P-7

P-8

P-9

BEAUHEIM UE SLUG .2 2.16E-07 -6.6655 YES NA -6.6655 2_ 16E-07 VALUE ASSIGNED
TO N-17 BOREHOLE

BEAUHEIM '87a - OBCH3B2) 5.5 5.94E-06. -5.2262 NO
BEAUHEIM '81a I - OBCH3B3) 12. 1.30E-05 • -4.8874 NO
BEAUHEIM '87b PUMP I NG 0 28. 3.02E-05 -4.5194 NO
BEAUHEIM '87b PUMPING R 11. 1. 19E-05 -4.9252 YES NA -4.9252 1.19E-05 VALUE ASSIGNED

TO 00E-1 BOREHOLE

BEAUHEIH '86 PUMPING 89. 9.61E-05 -4.0172 YES NA -4_0172 9.61E-05 VALUe ASSIGNED
BEAUHEIM '8Te I - OBCW-B) 57_ 6_ 16E-05 • -4.2107 NO TO 00E-2 BOREHOLE

P-l0

P-ll

P-12

P-B

P-14

P-15

P-16

P-17

P-18

P-19

MERCER '83 PUMPING 140. 1. 51E-04 -3.8204 YES
HYDRO GEDCHEM UE SLUG 324. 3_50E-04 -3.4560 YES

8EAUHEIM '8Te - 08CW-13) 265. 2_86E-04 • -3.5433 NO

BEAUHEIM 87b SLUG 0_09 9.72E-08 -7.0123 YES
MERCER '83 SLUG 0.07 7_56£-08 -7.1215 YES
SEWARD '82 oST 0.1 1.08E-07 -6.9666 YES

BEAUHEIM '87b SLUG 1.0 1.08£-06 -5.9666 YES
MERCER '83 SLUG 1.0 1.08£-06 -5.9666 YES

HYDRO GEDCHEM UE PUMPING 2.1 2.27E-06 -5.6444 YES

MERCER '83 SLUG 0.001 1.08£-09 -8_9666 YES
HYDRO GEDCHEM UE SLUG 0.003 3.24E-09 -8.4895 YES

-3.6382

-7.0335

-5_8592

-8.7280
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1.87E-09

Dal.

Oal.

Ootll

VALUE ASSIGNEO
TO P-14 BOREHOLE

VALUE ASSIGNED
TO P- 15 BOREHOLE

VALUE ASSIGNEO
TO P-17 BOREHOLE

Culebra Dolomite Transmissivity Data Base

rD9700R554

INT""t.It.1\ Technologies ITable C.l (canto)

C-ll/C-12





REPORTED CUlEBRA TRANSMISSIVITIESWELL REFERENCES YEAR
OF

REFERENCE

TYPE
OF

reST
ft2/day m2ls log m2ls

SelECTED AVERAGE OF
VALUES SelECTED VALUES

(PER HYDROPAD
(YES or NO) OR \JELL LOCATION)

TRANSMISSIVITY
VALUES USeD
FOR KRIGING

log m2ls m2/s

COMMENTS

P-20

P-21

WlPP-12 ItHERA UE ACID & OEVEl 0.03 3.24E-08 -7.4895 YES NA -7.4895 3.24E-08 VALUE ASS I GHED
BEAUHEIM 'Sle I - OB(W-B) 7.9 8_53E-06 • -5.0689 No TO WlPP-12 BOREHOLE

WIPP-13 BEAUHEIM 'S7e PUMPING 69. 7.45E-05 -4.1277 YES NA -4.1277 7.45E-05 VALUE ASSIGNEO
SEAUHEIM '86 I- OB(00E2) 72. 7.78E-05 • -4.1092 NO TO WIPP-B BOREHOLE

WIPP-18 BEAUHEIM '8lb SLUG 0:30 3.24E-07 -6.4895 YES NA -6.4895 3.24E·07 VAlue ASSIGNED
BEAUHEIH 'Sle I- OB(W-B) 23. 2.48E-05 • -4.6048 NO TO WIPP-18 BOREHOLE

W1PP-19 BEAUNEIM '87b SLUG 0.60 6.48E-07 -6.1884 YES NA -6.1884 6.48E-07 VALUE ASSIGNEO
BEAUHElM 'Sle I- OB(W-B) 24. 2.59E-05 • -4.5864 NO TO IJIPP-19 BOREHOLE

WIPP-21 BEAUHEIM '8lb SLUG 0.25 2.70E-07 -6.5686 YES NA -6.5686 2.70E-07 VALUE ASSIGNEO
BEAUHEIM 'Slc I - OB(W-'3) 22. 2.38E-05 • ·4_6242 NO TO IJIPp·21 BOREHOLE

WIPP·22 BEAUHEIM '8lb SLUG 0.37 4.00E-07 '6.3984 YES NA -6.3984 4.00E-07 vAlue ASSIGNED
BEAUHEIM 'S7e OB(W-B) 19. 2.05E-05 • -4.6878 NO TO WIPP-22 BOREHOLE

WIPP-25 MERCER '83 PUMPING 270. 2.92E-04 -3.5352 YES NA -3.5352 2.92E·04 VALUE ASSIGNED
BEAUHEIM 'S7c - OB(W-I3) 650. 7.02E-04. -3.1537 NO TO WIPP-25 BOREHOLE

WIPP-26 MERCER '83 PUMPING 1250. 1.35E-03 -2_8697 YES NA -2.8697 1.35E-03 VALUE ASSIGNEO
TO \.lIPP-26 BOREHOLE

WIPP-27 MERCER '83 PUMPlNG 650 7.02E-04 -3.1537 YES NA -3.1537 7.02E-04 VALUE ASSIGNED
TO WIPP-27 BOREHOLE

WIPP-28 MERCER '83 PUMP I NG 18. 1.94E-05 -4.7113 YES NA -4.7113 1.94E-05 VALUE ASSIGNEO
TO WIPP-28 BOREHOLE

WIPP-29 MERCER '83 PUMPING 1000. 1.00E-03 -3_0000 YES NA -3.0000 1.00E-03 VALUE ASSIGNEO
TO WIPP-29 BOREHOLE

WIPP-30 MERCER '83 SLUG 0.3 3.24E-07 -6.4895 YES
GON2ALEZ '83 PUMPING 0.02 2.16E-08 -7.6655 NO
BEAUHEIM 'Slc - OB(W-B) 28. 3.02E-05 • -4.5194 NO NA -6.4895 3.24E-07 VALUE ASSI GNEO

TO WIPP-30 BOREHOLE

EROA-9 BEAUHEIM '87b SLUG 0_47 5.08E-07 -6.2945 YES
BEAUNEIM '.8le - OB(W-13) 22. 2.38E-05 • -4_6242 NO NA -6.2945 5.08E-07 VALUE ASSIGNEO

TO EROA-9 BOREHOLE
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========================================================================================================================================================================
COMMENTSSELECTED

VALUES
REPORTED CUlEBRA TRANSMISSIVITIESTYPE

OF
TEST

YEAR
OF

REFERENCE

REFERENCES AVERAGE OF TRANSMISSIVITY
SELECTED VALUES VALUES USED

(PER HYOROPAO FOR KRIGING
ftZ/day m2ls log m2ls (YES or NO) OR WELL LOCATION) log m2ls m2ls

========================================================================================================================================================================

WElL

CABIN BEAUHEIM '87b SLUG 0.2B 3.02E-07 -6.5194 YES NA -6.5194 3.02E-07 VALUE ASS I GNED
8ABY-l TO CABIN BABY BOREHOLE

ENGLE BEAUHEIM '87b PUMPING 43. 4.64E-05 -4.3331 YES NA -4.3331 4.64E-05 VALUE ASS I GNED
TO ENGLE BOREHOLE

USGS-I COOPER '62 PUMPING '60-0 543. 5.86E-04 -3.2318 YES
COOPER '62 PUMPING '60-R 531. 5.73E-04 -3.2415 YES

COOPER & GLANZ_ '71 PUMPING '63 468. 5.05E-04 -3.2963 YES -3.2565 -3.2565 5.54E-04 VALUE ASSIGNEO
TO USGS-1 BOREHOLE

EX_ SHFY. BEAUHEIM '87c I - OB("-13) 28. 3.02E-05 + -4.5194 NO

==============================================================================================================================================================================================================
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TRANSMISSIVITY DATABASE • UNCERTAINTY ANALYSIS - UPDATEO 12-29-87
==========================================================================================::<=========

ABBREVIATIONS; I ::: INTERFERENCE
R = RECOVERY
D = DRAIJOO\.lN
OB = OBSERVATION
(YELL) =PUMPING YELL

UE = UNPUBLISHEO ESTIMATE

SELECTED
VALUES

REPORTED CULEBRA TRANSMISSIVITIESTYPE
OF

TEST

yEAR
OF

REfERENCE

REFERENCES SELECTED VALUES VALUES USED FOR KRIGING
VARIANCE STANDARD VARIANCE STANDARD

DEVIATION DEVIATION
ft2/day m2/s log m2/s (YES/NO) log m2/s log m2/s log mUs log m2/s

=============================================================================================================================================================

YELL

H-l

H-2bl

H-2b2

H-3bl

H-3b2

H··3b3

H-4b

BEAUHEIM '87b SLUG 0.7 7.56E-07 -6.1215 YES
BEAUHEIM '87a - OB(H3B2) 0.46 4.97E-07 NO

MERCER '83 SLUG 0.07 7.56E-08 -7.1Z15 YES
SEWARD '82 DST 0.08 8.64E-08 -7.0635 YES

BEAUHEIM '87e I - OB(Y'13) 20 2.16E-05 NO

MERCER '83 SLUG 0.4 4.32E-07 -6.3645 YES
GONZALEZ '83 PUMPING 0.7 7.56E-07 -6.1215 YES

SEWARD '82 DST 0.5 5.40E-07 -6.2676 YES

BEAUHEIM '87a - OB(H38Z) 1.2 1.30E-06 NO
BEAUHEIM '87e - OB(Y-13) 16 1. 73E-05 NO

8EAUHEIM '87a - OB(H3B2) 1.8 1.94E·06 -5.7113 YES
BEAUHEIM '87a OB(H3B3) 3.0 3.24E-06 -5.4895 YES

MERCER '83 SLUG 19.0 2.05E-05 '4.6878 YES
SEWARO '82 OST 0.7 7.56E-07 '6.1215 YES

BEAUHEIM '87a I - OB(H3B3) 3.0 3.24E-06 -5.4895 YES
BEAUHEIM '87a PUMPING '85 1.7 1. 84E-06 -5.7361 YES

8EAUHEIM '87a I - OB(H3B2) 1.8 1.94E-06 -5.7113 YES
BEAUHEIM '87a PUMPING '84 2.9 3.13E-06 -5.5042 YES

GONZALEZ '83 I - OB(H4B)D 1.7 1.84E-06 -5.7361 YES
GONZALEZ '83 I - OB(H4B)R 0.9 9.72E·07 -6.0123 YES
GONZALEZ '83 I - OB(H4ClOl 1.1 1.19E,06 -5.9252 YES
GONZALEZ '83 I - 08(H4C)R1 1.3 1.40E-06 -5.8526 YES
GONZALEZ '83 I - OB(H4Cl02 1.3 1.40E-06 -5.8526 YES
GONZALEZ '83 I - OB(H4C)R2 1.6 1. 73E-06 -5.7625 YES

GONZALEZ '83 PUMPING 0 0.3 3.24E-07 -6.4895 YES
GONZALEZ '83 PUMPING REC 0.4 4.32E-07 -6.3645 YES

MERCER et at '81 SLUG 0.9 9.72E-07 -6.0123 YES
GONZALEZ '83 - OB(4C)D1 0.8 8.64E-07 -6.0635 YES
GONZALEZ '83 - OB(4ClRl 1.3 1.40E-06 -5.8526 YES
GONZALEZ '83 - OB(4C)D2 1.2 1.30E·06 '5.8874 YES
GON2ALEZ '83 - OB(4C)R2 1.8 1.94E-06 '5.7113 YES

SEWARO '82 OST 0.86 9.29E-07 -6.0321 YES

0.210

0.010

0.146

0.46

0.10

0.38

0.210

0.063

0.146

0.46

0.25

0.38

Drawn by Dat.

Checked by

Revisions

Date

Dale
Culebra Transmissivity Uncertai~t:es

H09700R554

IN1t.R.'\ Technologies I
C-17jC-18





REPORTED CULEBRA TRANSHISSIVITIES\JELL REFERENCES YEAR
OF

REFERENCE

TYPE
OF

TEST
tt2/day m2ls log m2ls

SELECTED
VALUES

eYES/NOl

SELECTED VALUES
VAR lANCE 5T ANDARD

DEVIATION
log m2ls log m2ls

VALUES USED FOR KRIGING
VAR lANCE ST ANDARD

DEVIATION
log m2ls log m?'/s

YErS ....::o~.0",0..2.,..__",0~.0:;;4__...,r-....;0:,;.",06",3:...__.:0~.2..5 -1
Ore_n by Dete

H-4e

H-5a

H-5b

H-Sc

H-6a

H-6b

H-6c

H-7b1

H-7b2

BEAUHEIM '87b SLUG 0.65 7.02E·07 -6.1537
GON2ALE2 '83 I - OB(N4B10 1.5 1.62E-06 -5.7905
GON2ALEZ '83 I - OB(H4B1R 0.7 7.56E-07 -6.1215
GONZALEZ '83 PUMPING 10 0.6 6.48E-07 -6.1884
GONZALEZ '83 PUMPING 1R 1.0 1.08E·06 -5.9666
GON2ALEZ '83 PUMPING 20 0.4 4.32E-07 -6.3645
GON2ALEZ '83 PUMPING 2R 1.7 1_84E-06 -5.7361

GONZALEZ '83 - OB(H5C10 0.15 1.62E-07 -6.7905
GONZALE2 '83 - OB(H5C1R 0.19 2.05E-07 -6.6878
GON2ALEZ '83 - OB(H5B)0 o. II 1. 19E-07 -6.9252
GON2ALE2 '83 - OB(H5B1R 0.20 2.16E-07 -6.6655

GONZALEZ '83 PUMPING R 0.22 2.38E-07 -6.6242
GONZALEZ '83 - OB(H5C10 0.12 1.30E-07 -6.8874
GONZALEZ '83 - OB(N5C1R 0.24 2.59E-07 -6.5864

OENN. & MERCER '82 SIIUG 0.20 2.16E-07 -6_6655
SEWARD '82 OST 0.86 9.29E-07 -6.0321

GON2ALEZ '83 PUMPING 0 0.04 4.32E-08 -7.3645
GONZALEZ '83 PUlo'PnlG R 0_11 1.19E-07 -6.9252
GONZALEZ '83 J - OB(H5B10 0.16 1. 73E-07 -6.7625
GONZALEZ '83 J - OB(H5B1R O. II 1.19E-07 -6.9252

BEAUHEIM '87e - OB(0·131 71 7_67E-05
GONZALEZ '83 - OB(H6B)0 67 7.24E-05 -4_ 1405
GONZALEZ '83 J - OB(H6B1R 77 8.32E-05 -4.0801
GONZALEZ '83 - OB(H6C10l 87 9.40E-05 -4.0271
GONZALEZ '83 I - OB(H6C1Rl 66 7.13E-05 -4.1470
GONZALEZ 83 I - OB(H6C102 70 7.56E-05 -4.1215
GONZALEZ '83 I - OB(H6C1R2 69 7.45E-05 -4.1277

BEAUHEIM '87c I - OB(0-131 69 7.45E-05
BEAUHEIM '86 I - OB(00E21 61 6.59E-05
GONZALEZ '83 PUMPING 79 8.53E-05 -4_0689
GONZALEZ '83 PUMPING R 88 9.50E-05 -4.0221
GONZALEZ '83 I - OB(H6C)OI 86 9.29E-05 -4.0321
GONZALEZ '83 I - 08(H6C1Rl 63 6.80E-05 -4.1672
GONZALEZ '83 I - 08(H6C102 69 7.45E-05 -4.1277
GON2ALEZ '63 I - OS(H6C1R2 67 7.24E-05 -4.1405

DENNEHY '82 PUMPING D '79 73 7.88E-05 -4.1033
DENNEHY '82 PUMPING R '79 83 8.96E-05 -4.0475
SEWARD '82 OST 75 8.10E-05 -4.0915

GONZALEZ '83 PUMPING lR 71 7.67E-05 -4.1153
GONZALEZ '83 I - 08(H6B10 70 7.56E-05 -4_ 1215
GONZALEZ '83 I - OB(H6B1R 77 8.32E-05 -4.0801
GONZALEZ '83 PUMPING 20 72 7.78E-05 -4.1092
GONZALEZ '83 PUMPING 2R 72 7.78E-05 -4.1092

MERCER '83 PUMPING 1000 1.00E-03 -3_0000

INTERA UE PUMPING '86 1134 1.22E-03 -2.9120

YES
YES
YES
YES
YES
YES
YES

YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES

NO
YES
YES
YES
YES
YES
YES

NO
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES

0.047

0.082

0.002

0.22

0.29

0.04

0.063

0.082

0.063

0.25

0.29

0.25
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SELECTED
VALUES

REPORTED CUlEBRA TRANSMISSIVllIESTYPE
OF

TES!

YEAR
OF

REFERENCE

REFERENces SELECTED VALUES VALUES USED FOR KRIGING
VARIANCE STANDARD VARIANCE STANDARD

DEVIATION DEVIATION
ft2Jday m2ls log m2ls (YES/NO) log m2/s log rrI2./s log m2ls log m2/s

===========================================================:==================================================================================================

WelL

H·8b BEAUHEIM '87b PUMPING 8.2 B.86E-06 -5.0528 YES
MERCER '83 PUMPING 16 1.73E-05 -4.7625 YES 0.021 0.15 0.063 0.25

N-9b MERCER '83 PUMPING 231 2.49E-04 -3.6030 YES
INTERA UE PUMPING '83 111 1.20E-04 -3.9213 YES 0.025 0.16 0.063 0.25

H-l0b MERCER '83 SLUG 0.07 7.56E-08 -7.1215 YES NA NA 0.250 0.50

H-llbl SAULNIER '87 PUMPING '84 11.3 1.22E-05 ·4.9135 YES
SAULNIER '87 I - 08('1183)'84 25.5 2.75E-05 -4.5600 YES
SAULNIER '87 I • 08('1183)'85 24.8 2.68E·05 -4.5721 YES
SAULNIER '87 I - 08("182) 25.4 2.74E-05 -4.5617 YES
BEAUHEIM '87a I - 08('382) 6.8 7.34E-06 NO

'-11b2 SAULNIER '87 I - 08(.1183)'84 23.8 2.57E·05 ·4.5900 YES
SAULNIER '87 I - OB(.1183)'85 26.4 2.85E-05 -4.5450 YES
SAULNIER '87 I - 08('1181) 23.4 2.53E-05 -4.5974 YES

H-l1b3 SAULNIER '87 PUMPING '84 26.1 2.82E-05 -4.5499 YES
SAULNIER '87 PUMPING '85 30.7 3.32E-05 -4.4794 YES
SAULNIER '87 08(.1181 ) 26.0 2.81E-05 -4.5516 YES
SAULNIER '87 - 08(N1182) 23.9 2.58E-05 -4.5882 YES 0.011 0.11 0.063 0.25

.-12 INTERA UE SLUG 'S7 0.17 1.84E·07 -6.7361 YES
INTERA UE PUMPING '84 0.042 4.54E-OS -7.3433 YES 0.092 0.30 0.092 0.30

H-14 BEAU"EIM '87b SLUG 0.30 3.24E-07 -6.4895 YES
BEAU"EIM '87b OST 0.31 3.35E-07 -6.4752 YES 0.000 0.01 0.250 0.50

H-,5 BEAUHEIM '87b SLUG 0.10 1.08E-07 -6.9666 YES
BEAUHEIM '87b DST 0.15 1.62E-07 -6.7905 YES 0.008 0.09 0.250 0.50

"-16 BEAU"EIM UE SLUG 0.70 7.56E-07 -6.1215 YES NA NA 0.250 0.50

"-17 BEAUHEIM UE SLUG 0.2 2.16E-07 ·6.6655 YES NA NA 0.250 0.50

DOE-l BEAU"EIM '87a - OB('382) 5.5 5.94E-06 NO
BEAU.EIM '87a - 08('383) 12 1.30E-05 NO
BEAUHEIM '87b PUMPING 0 28 3.02E-05 ·4.5194 YES
BEAUHEIM '87b PUMPING R 11 1. 19E-05 -4.9252 YES 0.041 0.20 0.063 0.25

DOE-2 BEAUHEIM 'B6 PUMPING 89 9.61E-05 -4.0172 YES
BEAUHEIM '87c - OB(N·13) 57 6.16E-05 NO NA NA 0.063 0.25

Drown by Oat.
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~ELL REFERENCES YEAR TYPE REPORTED CULEBRA TRANSM! 55 tVIT I es SElECTED SELECTED VALUES VALUES useD FOR KRIGING
OF OF VALUES VARIANCE STANDARD VARIANCE STAJWARD

REFERENCE TEST DEVIATION DEVIATION
ft2/day mUs log m2ls (YES/NO) log m2/s log mUs log mUs log m2ls

==============================================================================================================================================================

P-14 MERCER '83 PUMPING 140 1.51E-04 -3.S204 YES
NYORO GEOCHEM UE SLUG 324 3_50E-04 -3.4560 YES

SEAUHEIM 'S7e - OS(O-13) 265 2_86E-04 NO 0.033 0.18 0.063 0.25

P-15 SEAUHEIM 87b SLUG 0.09 9.72E-OS -7.0123 YES
MERCER '83 SLUG 0.07 7.56E-08 -7.1215 YES
SE\lARD '82 OST 0.1 1.0SE-07 -6.9666 YES 0.004 0.06 0.250 0.50

P-17 SEAUHEIM '87b SLUG 1.0 1.08E-06 -5.9666 YES
MERCER '83 SLUG 1.0 1.08E-06 -5.9666 YES

NYDRO GEOCHEM UE PUMPING 2.1 2.27E-06 -5.6444 YES 0.023 0.15 0.250 0.50

P-1S MERCER '83 SLUG 0_001 1.08E-Q9 -S.9666 YES
HYDRO GEOCHEM UE SLUG 0.003 3.24E-09 -8.4895 YES 0.057 0.24 0.250 0.50

~IPP-12 SEAUHEIM UE ACID & DEVEL 0.03 3_24E-08 -7.4895 YES
SEAUHEIM '8Tc I - OS(0-13) 7.9 8.53E-06 NO NA NA 0.250 0.50

~IPP-13 SEAUHEIM 'STe PUMPING 69 7_45E-05 -4.1277 YES
BEAUHEIM '86 - OB(DOE2) 72 7.78E-05 NO NA NA 0.063 0.25

~IPP-18 BEAUHEIM '87b SLUG 0.30 3_24E-07 -6.4895 YES
BEAUHEIM 'STc - OS(0·13) 23 2.48E-05 NO NA NA 0.250 0.50

W1PP-19 BEAUNEIM '87b SLUG 0.60 6.48E-07 -6.1884 YES
BEAUNEIM 'STc - OB(0·13) 24 2.59E-05 NO NA NA 0.250 0_50

~IPP-21 SEAUHEIM '87b SLUG 0.25 2. TOE-07 -6.5686 YES
SEAUHElM 'STc - OB(0-13) 22 2.3SE-05 NO NA NA 0.250 0.50

WIPP-22 SEAUHEIM '87b SLUG 0.37 4.00E-07 -6.3984 YES
SEAUHElM '87e - OB(0·13) 19 2.05E-05 NO NA NA 0.250 0.50

WIPP-25 MERCER '83 PUMPING 270 2.92E·04 -3.5352 YES
BEAUHEIM 'STc - OB(0-13) 650 7.02E·04 No NA NA 0.063 0.25

~IPP-26 MERCER '83 PUMPING 1250 1.35E-03 -2.8697 YES NA NA 0.063 0.25

WIPP-27 MERCER '83 PUMPING 650 7.02E-04 -3.1537 YES NA NA 0.063 0.25

WIPP-28 MERCER '83 PUMPING 18 1.94E·05 -4.7113 YES NA NA 0.063 0.25

~IPP-29 MERCER 'S3 PUMPING 1000 1.00E-03 -3.0000 YES •• •• 0.063 0.25
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REPORTED CULEBRA TRANSMISSIVITIES\leu REFeRENCES YEAR
OF

REFERENCE

TYPE
OF

TEST
ft2/day m2ls log m2ls

SELECTED
VALUES

(YES/NOl

SELECTED VALUES
VAR lANCE ST ANDARD

DEVIATION
log m2/s log rr2./s

VALUES USED FOR KR I GI NG
VAR lANCE 5T ANDARD

DEVIATION
log m2ls log m2ls

W!PP·30 MERCER '83 SLUG 0.3 3.24E-07 '6.4895 YES
GONZALEZ '83 PUMPING 0.02 2.16E·08 -7.6655 YES
BEAUHEIM '87c - OB(~-13l 2B 3.02E-05 NO 0.346 0.59 0.346 0.59

EROA-9 SEAUHEIH 'alb SLUG 0.47 5.08E-07 -6.2945 YES
BEAUHEIM '87c I - OB(~'13l 22 2.38E-05 NO NA NA 0.250 0.50

CABIN BEAUHEIM '8lb SLUG 0.28 3.02E·07 '6.5194 YES NA NA 0.250 0.50
BABY-1

ENGLE BEAUHE!M '8lb PUMPING 43 4.64E-05 -4.3331 YES NA NA 0.063 0.25

USGS-l COOPER '62 PUMPING '60-0 543 5.86E-04 -3.2318 YES
COOPER '62 PUMPING '60-R 531 5.73E-04 -3.2415 YES

COOPER & GLANZ. '71 PUMPING '63 468 5.05E-04 -3.2963 YES 0.001 0.03 0.063 0.25

REFERENCES; see Table e.1
=====::z=====
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SELECTED
VALUES

REPORTED CULEBRA TRANSMIsStVITIESTYPE
OF

TEST

YEAR
OF

REFERENCE

REFERENCES SELECTED VALUES VALUES USED FOR KRIGING
VAR lANCE $T ANDARD VAR I ANCE STANDARD

DEVIATION DEVIATION
ft2lday m2ls log m2ls (YES/NO) log m2ls log m2/s log m2ls log m2ls

=====================::=================================================================================================::======================================

\JElL

~IPP-30 MERCER '83 SLUG 0.3 3.24E-07 -6.4895 YES
GONZALEZ '83 PUMPING 0.02 2_16E-08 -7.6655 YES
BEAUHEIM '87c OB(V'131 28 3.02E-05 NO 0.346 0.59 0.346 0.59

ERDA-9 BEAUHEIM '87b SLUG 0.47 5.08E-07 -6.2945 YES
BEAUHEIM '87c I DB(V-13) 22 2.38E-05 NO NA NA 0.250 0.50

CABIN BEAUHEIM '87b SLUG 0_28 3.02E-07 -6.5194 YES NA NA 0.250 0.50
BABY-l

ENGLE BEAUHEIM '87b PUMPING 43 4.64E-05 -4.3331 YES NA NA 0.063 0.25

USGS-1 COOPER '62 PUMPING IbO-D 543 5.S6E-04 -3.2318 YES
COOPER '62 PUMPING '60·R 531 5.73E-04 -3.2415 YES

COOPER & GLANZ. '71 PUMPING '63 468 5.05E-04 -3.2963 YES 0.001 0.03 0.063 0.25

REFERENCES: see Table c.l
===========
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APPENDIX D CULEBRA STORATIVITIES

The Culebra stor-ati vi ty data base is listed in Table D.1. The table

fonnat is ver-y similar to that of Table C.l. The values listed for each

borehole and/or hydropad were evaluated to detennine the most

representative value on a scale of tens of meters. The storativity values

detennined from regional-scale interference tests t slug tests t or DST' s

were not selected as representative values. The regional- interference

values cant however, be assigned to pilot points between the pumping and

observation wells in future transient analyses.

REFERENCES

The references corresponding to the data sources are listed at the end of

Table D.l .

D-l/D-2
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CUlEBRA STORATIVtTY DATABASE - UPDATED 11-20-87

ABBREVIATIONS; I = INTERFERENCE
R = RECOVERY
o = DRAW'DO\.JN
OB = OBSERVATION
I"Ell) = PUMPING "ELL

NR =NOT REPORTED
UE = UNPUBLISHED ESTIMATE
+ = POSSIBLE VALUE FOR PILOT POINT POSITIONED

BET\JEEN PUMPING AND OBSERVATION IJELL

====:1:============::::============:::==:::====:====:::============:::======================================================================================================

L1ElL REFERENCES YEAR
OF

REFERENCE

TYPE
OF

TEST

REPORTED
CULEBRA

S

lOG OF
STORATIVlTY

SELECTED
S VALUE

(YES OR NO)

AVERAGE OF
SelECTED S

VA.LUES
IFOR SINGLE

IJElL OR HYDROPAD)

CULEBRA
STORAHVlTY

VALUE
log

COMMENTS

H·l

H-2a

H-2bl

H-2b2

H-2c

H-301

H-3b2

H-3b3

H-48

H-40

BEAUHEIM '87b SLUG NR
HERCER '83 SLUG 1.0E·04
SE\JARD '82 OST NR

BEAUHEJM '87a • 081H3B2) 2.7E·05 +
BEAUHEIM 'Sle • 081"·13) 1.3E-04 +

MERCER '83 SLUG 1.0E·09
GONZALEZ '83 PUMPING 1.2E·05

SE"ARO '82 OST I.DE·D9

BEAUHEIM '87c • 081"·13) 7.3E~05 +
BEAUHEIM '87a • 08IH3B2) 3.0E·05 +

BEAUHEIM '87a - 081H3B2) NR
BEAUHEIM '87a - 081H3B3) NR

MERCER '83 SLUG NR
SE"ARO '82 OST NR

BEAUHEIM '87a I - 081H3B3) NR
BEAUHEIM '87a PUMPING '85 NR

BEAUHEIM '87a I - 081H3B2) NR
BEAUHEIM '87a PUMPING '84 NR

GONZALEZ '83 I - 08(H4B)0 3.13E-06
GONZALEZ '83 I - 081H4B)R NR
GONZALEZ '83 I - OBIH4C)0 1 8_04E-06
GONZALEZ '83 I - OBIH4C)R1 NR
GONZALEZ '83 I - OB(H4C)OZ 5.62E-06
GONZALEZ '83 I - OBIH4C)R2 NR

GONZALEZ '83 PUMPING 0 NR
GONZALEZ '83 PUMPING REC NR

MERCER et al '81 SLUG lE-09
GONZALEZ '83 - OBI4C)DI lE-06
GONZALEZ '83 - OBI4C)RI 8.64E-06
GONZALEZ '83 - OB14c)02 NR
GONZALEZ '83 - OBI4C)R2 6.48E-06

SE\IARD '82 DST lE-06

-4.0000 NO

-4.5686 NO
-3.8861 NO

-9.0000 NO
-4.9208 YES NA ·4_9208 1.20E-05 VALUE ASSIGlotED
-9.0000 NO TO H- 2 HYDROPAO

-4.1367 NO
-4.5229 NO

-5_5045 YES

-5.0947 YES

-5.2503 YES

-9.0GOO NO
-6.0000 YES
-5.0635 YES

·5.1884 YES
-6.0000 NO
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"'ELL REFERENCES YEAR
OF

REFERENCE

TYPE
OF

TEST

REPORtED
CULEBRA

S

LOG OF
STORATIVITY

SELECTED
S VALUE

(YES OR HO)

AVERAGE OF
SELECTED S

VALUES
(FOR SINGLE

\JELL OR HYDROPAO)

CULEBRA
STORATIVITY

VALUE
log

COMMENTS

·5.2464 YES

-5.3354 -5.3354 4.62E-06 VALUE ASSIGNED
TO N·4 HYOROPAO

·4.6021 YES

-5.0297 YES

·4.5850 YES

-5.0000 NO
-5.0000 NO

-4.5346 YES
-4.6878 -4.6878 2.05E-05 VALUE ASSIGNED

TO H-5 HYDROPAD

-5.0862 NO
-4.6576 YES

-4.5952 YES

-4.6345 YES

·5.1024 NO
-5.2218 NO

-4.8477 YES

-4.8386 YES

H-5a

H-5b

H-5c

H-6a

H-6b

H-6e

BEAUHEIM '81b SLUG NR
GONZALEZ '83 I - 08(N4B)0 5.67E-06
GONZALEZ '83 I • 08(H4BlR NR
GONZALEZ '83 PUMPING 10 NR
GONZALEZ '83 PUMPING 1R NR
GONZALEZ '83 PUMPING 20 NR
GONZALEZ '83 PUMPING 2R NR

GONZALEZ '83 - 08CH5C)0 2.50E-05
GONZALEZ '83 - 08(H5C)R NR
GONZALEZ '83 - 08(H5BlO 9.34E·06
GONZALEZ '83 - 08(H5B)R NR

GONZALEZ '83 PUMPING R NR
GONZALEZ '83 I - 08CH5C)0 2.60E·05
GONZALEZ '83 I - 08(H5ClR NR

OENN. & MERCER '82 SLUG lE-05
SEWARO '82 OST 1E-05

GONZALEZ '83 PUMPING 0 NR
GONZALEZ '83 PUMPING R NR
GONZALEZ '83 I • 08(H5B)0 2.92E·05
GONZALEZ '83 I - OB(H5BlR NR

BEAUHEIM 'S7e - OBCN-13) 8.2E-06 +
GONZALEZ '83 - OB(H6BlO 2.20E·05
GONZALEZ '83 I • Oll(H68)R NR
GONZALEZ '83 - OB(H6Cl01 2.54E-05
GONZALE2 '83 - OB(H6C)R1 NR
GONZALEZ 83 - 08(H6C)02 2.32E-05
GONZALEZ '83 - OB(H6C)82 NR

BEAUHEIM 'S7e I - OBCN-13) 7.9E-06 +
BEAUHEIM '86 I - OBCDOE2) 6E·06 •
GONZALEZ '83 PUMPIHG 0 NR
GONZALEZ '83 PUMPING R NR
GONZALE2 '83 - OBCH6C)01 1.42E-05
GONZALEZ '83 - 08CH6C)R1 NR
GONZALEZ '83 - 08CH6Cl02 1.45E-05
GONZALEZ '83 I - OBCH6C)R2 NR

DENNEHY '82 PUMPING 0 '79 NR
DENNEHY '82 PUMPING R '79 NR
SEWARD '82 OST NR

GONZALEZ '83 PUMPING 1R NR
GONZALEZ '83 I • 08(H6B)0 1.26E-05
GONZALEZ '83 I - OBCH68lR NR
GONZALEZ '83 PUMPING 20 NR
GONZALEZ '83 PUMPING 2R NR

-4.8996 YES

-4.7455 -4.7455 1.80E-05
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\JELL REFERENCES YEAR
OF

REFERENCE

TYPE
OF

TEST

REPORTED
CULEBRA

S

lOG OF
SlORATIVJTY

SELECTED
S VALUE

(YES OR NO)

AVERAGE OF
SELECTED S

VALUES
(FOR SINGLE

WELL OR HYDROPAD)

CULEBRA
STORATIVJTY

VALUE
log

COMMENTS

H-7bl

H-7b2

H-7c

H-8a

H-Bb

H-Bc

H-9a

H-9b

H-9c

H-10a

H-l0b

H-l0e

H-llb1

H-11bZ

H-l1b3

H-12

H-14

HERCER '83 PUMPING NR

IN1ERA 'UE PUMPING '86 8.2E-04 -3.0862 YES NA -3.0862 8.20E-04 VALUE ASSIGNED
TO H·7 HYOROPAD

BEAUHEIM '87b PUMPING NR
MERCER '83 PUMPING NR

HERCER '83 PUMPING NR
IN1ERA 'UE PUMPING '83 NR

MERCER '83 SLUG lE-04 -4.0000 NO

SAULNIER '87 PUMPING '84 NR
SAULNIER '87 - OBCHIIB3)'84 6.3E-04 -3.2007 YES
SAULNIER '87 I - 09CHIIB3)'85 4.4E-03 -2.3565 YES
SAULNIER '87 I - OBCHI1B2) 6.1E-04 -3.2147 YES
BEAUHEIM '87a I - 08(H3B2) 7.,4E-06 + -5.1308 NO

SAULNIER '87 - OBCHllB3)'84 7.2E-04 -3.1427 YES
SAULNIER '87 I - OBCHllB3)'85 2.5E-03 -2.6021 YES
SAULNIER '87 I - OB(K118!) 8.0E-04 -3.0969 YES

SAULNIER '87 PUMPING '84 NR
SAULNIER '87 PUMPING '85 NR
SAULNIER '87 I - OBCHllBl) 5.5E-04 -3.2596 YES
SAULNIER '87 I - OBCHllB2) 4.5E-04 -3.3468 YES -3.0275 -3.0275 9.39E-04 VALUE ASSIGNED

10 H-ll HYDROPAD

IN1ERA 'UE SLUG '87 2.DE-06 -5.6990 NO
IN1ERA 'UE PUMPING '84 NR

BEAUHEIM '87b SLUG NR
BEAUHEIM '87b DS! NR

Drawn by
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Revisions
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=:=:::=:::::::::::::::=:::===:::::::::::::::::::::======::::::::::::::::::::::::::::::=::::::::::::::::::::::::::=::::::::::::::::===:::==:::=::::::::=====:::==:::=:::::::::=:::::::::::=::::::::==::::::=::::::=:::=::::::=:::::::::::::::::::::::::::::::::::::::::::::::::=::::::=::::::::::::::::::::::::::::::::::::::=:::::::::::::::::::::::::::::::::::===::::::=:::

Well REFERENCES YEAR
OF

REFERENCE

TYPE
OF

TEST

REPORTED
CULEB.A

S

LOG OF
STORATIVITY

SELECTED
S VALUE

(YES OR NO)

AVERAGE OF
SELECTED S

VALUES
(fOR SINGLE

Well OR HYDROPAO)

CULEBRA
STORATIVITY

VALUE
log

COMMENTS

:::::::::::::::::::::::::::=:::==::::::::::::::::::::::::::::::=::::::::::::::::::::::::::::::::::::=:::::::::==::::::=::::::==::::::::::::::::::=::::::::::::::::==:::::::::=::::::::::::::::=::::::::::::===:::=:::=::::::::::====:::=::::::::::::==:::====::::::::::::::::::=:::==========:::=========:::=====:::=:::==:::=======:::==::::::

H-ls

H-16

DOE-!

DOE-2

BEAUHEIM '87b SLUG NR
BEAUHEIH '87b OST N'

BEAUHEIN UE SLUG NR

BEAUHEIH '87a 1- OB(H3B2) LOE'Os + -5_0000 NO
BEAUHEIH '87a I • OB(H3B3) L2E-Os • -4.9208 NO
BEAUHEIM '87b PUMPING 0 NR
BEAUHEIH '87b PUMPING R NR

BEAUHEIN '86 PUMPING N'
BEAUHEIN '87c I • OB(W-13) 5.1E-06 + -5.2924 NO

Oat.Drown by

BEAUHEIH ,a7c I • OBlW-13) s.2E-Os + -4.2840 NO
NERCER '83 PUMPING NR

HYDRO GEOCHEM UE SLUG NR

MERCER '83 SLUG lE-04 -4.0000 NO
SEWARD '82 OST lE-04 -4.0000 NO

BEAUNEIM 87b SLUG NR

BEAUHEIM '87b SLUG NR
MERCER '83 SLUG lE·06 '6.0000 NO

HYDRO GEOCHEM UE PUMPING NR

MERCER '83 SLUG HR
HYDRO GEOCHEM UE SLUG NR

P·18

P·ls

P'16

P-17

P-l

P-2

P-3

P-4

p-s

P'6

P'7

P'8

P-9

P-1D

P-ll

P'12

P'13

P·14

Checked by

Revisions

Date

Oat.
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COMMENTSCUlEBRA
STORATIVITY

VALUE

SElECTED
S VALUE

(YES OR NO)

lOG OF
STORATIVITY

REPORTED
CULEBRA

S

TYPE
OF

TEST

YEAR
OF

REFERENCE

REFERENCES
AVERAGE OF
SELECTED S

VALUES
(fOR SINGLE

IJElL OR HYOROPAD) log
============================================================================================================================================================

\JELL

-4.2676 NO

-4.4437 NO

-5.5229 NO

-4.3979 NO

'4.3979 NO

'4.2757 NO

'4.3279 NO

-4.193S NO

P-19

P-20

P-21

WIPP-12 BEAUHEIM UE ACID & DEVEL NR
BEAUHEIM 'a7c I - 0.(U·13) 3.6E-05 +

WIPP-B BEAUHEIM UE PUMPING
BEAUHEIM '86 I - OB(DOE2) 3E-06 •

WIPP-18 SEAUHEIM '8lb SLUG NR
BEAUHEIM 'a7b I - OB(U-B) 4.0E-05 +

W1PP-19 BEAUHEIM '8lb SLUG NR
BEAUHEIM 'S7b I - OB(U-13) 4.0E-05 +

WIPP-21 BEAUHEIM 'Slb SLUG NR
BEAUHEIM 'S7c I - OB(U'B) s.3E-Os +

WIPP-22 BEAUHEIM '8lb SLUG NR
BEAUHEIM 'Slc I - OB(U'B) 4.7E-Os +

WIPP·2s MERCER '83 PUMPING NR
BEAUHEIM 'S7e I - OB(U-13) 6.4E-Os +

WIPP-26 MERCER '83 PUMPING NR

WIPP-27 MERCER '83 PUMPING NR

WIPp-28 MERCER '83 PUMPING NR

WIPP-29 MERCER '83 PUMPING NR

WIPP-30 MERCER 'S3 SLUG 1E-04
GONZALEZ 'S3 PUMPING 1E-04
BEAUHEIM '87c - OB(U·13) s.6E-06 +

EROA-9 BEAUHEIM 'Slb SLUG NR
BEAUHEIM 'Slc I - 08(U-13) s.4E-Os +

CASIN BEAUHEIM '8lb SLUG NR
BABY-1

ENGLE BEAUHEIM '8lb PUMPING NR

USGS-1 COOPER '62 PLI4PING '6O-D NR
COOPER '62 PUMPING '60-R NR

COOPER & GLANZ. '71 PUMPING '63 2.0E-Os

EX.SHFT BEAUHEIM '8Tc I - OB(U-13) s.sE-Os •

-4.0000
-4.0000
-5.2518

-4.6990

-4.2596

NO
YES

NO

YES

NO

NA

NA

Drown by

-4.0000

-4.6990

Cot.

1.00E·04

2.00E-Os

VALUE ASSIGNEO
TO WIPP-30 BOREHOLE

VALUE ASSIGNEO
TO USGS·' BOREHOLE

Checked by

Revisions

Dote

Cot.
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APPENDIX E TRANSIENT FRESHWATER HEADS

Water-level monitoring and well testing using pressure transducers have

been performed in boreholes in the Culebra in and around the WIPP si teo

This modeling study incorporates data from 56 monitoring wells for control

and model calibration. Where sufficient data were available from these

wells, hydrographs have been constructed which plot freshwater head in

meters above mean sea level em amsl) versus time in years. The term

"freshwater head" is utilized in this report and is equivalent 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 hydrographs show the transient freshwater heads resulting from the

shaft and well-test activities performed at the site (Appendix G). For

most of these hydrographs, an undisturbed freshwater head has been

selected which is intended to represent condi tions at the site before

shaft excavations and hydraulic-characterization studies. This appendix

describes the calculations and data used to create these hydrographs, and

provides an estimation of the undisturbed hydraulic conditions for use in

the calibration of the steady-state model.

Water-level and pressure data for the Culebra have been collected at the

WIPP site as depths to water below top of casing or top of tubing measured

by steel tape or el ect roni c soundi ng devi ce, and pressure measured by

downhole transducers. These data are reported in Richey (1987), Hydro Geo

Chern, Inc. (1985), INTERA Technologies, Inc. and Hydro Geo Chern, Inc.

(1985), INTERA Technologies, Inc. (1986), Saulnier et al. (1987), and

Stensrud et al. (1987).

HO 9700 R55 4 E-1



Depth-to-water data were converted to equivalent freshwater head as

follows:

(E. 1)(d - d ) ~ + Z
c w Pf chf

where hf

dw
dc
Zc

equivalent freshwater head;

measured depth to water;

depth to the center of the Culebra dolaaite;

elevation of the center of the Culebra dolani te above

mean sea level;

average density of the borehole fluid;

freshwater-fluid density (assumed equal to 1.0 g/cm3).

Transducer pressure data were converted to equivalent freshwater head as

follows:

(E.2)

where p

d t
g

measured transducer pressure;

depth to transducer;

gravitational constant.

All depths are measured relative to a measuring point of known elevation

at each well. For the WIPP-si te monitoring wells, dl:lpths are reported

either fr'an the top of casing, the top of tubing, or fr'an the gr.ound

surface. Table E.1 summarizes the type of measuring point at each well,

the elevation of the measuring point, and the time period the measuring

point was used. for sane wells listed in Table E.1, more than one

measuring point were used at a well at a given time. This results fr-an

the use of differ'ent measuring points when the U. S. Geological Survey

monitoring of sane wells through ear.ly 1985 overlapped with monitoring by

Sandia subcontractors.

H09700 R554 E-2



The calculation of equivalent fr.eshwater head requires knowledge of the

average borehole-fluid density. For each well an estimate of borehole

fluid density as a function of time was determined based upon a summary of

the acti vi ties at that well (Appendix G), water-quality data available,

and borehole pressure-density survey data. The best data for determining

the average borehole-fluid densities were obtained from the borehole

pressure-density surveys reported in IT (1987), Crawley (1987), and

Crawley (in preparation). In these surveys, pressures were measured with

downhole transducers at center-of-Culebra depth for a measured depth to

water below top of casing, thus allowing a direct calculation of average

borehole-fluid density. However, this type of data was not available for

any of the wells before late 1986.

Table E.2 summarizes the chronology of borehole-fluid densi ties· for each

well used in the model. For each well, the table gives (1) average

borehole-fluid density (g/om3) , (2) a quantitative estimate of uncertainty

(g/cm3) , and (3) the time per.iod appropdate. The estimate of the

uncertainty of borehole-fluid density is based upon an extensive review of

all density measurements and well activities at each monitoring well.

Wi th the values of Culebr.a elevation, measuring-point elevation, and the

average borehole-fluid densi ti es, hydrographs of equivalent freshwater

head (m amsl) ver.sus time (years) were created for each well. These

hydrographs are plotted in Figures E.l through E.35. In addition, Figure

E.36 is a hydrogr.aph plotting the equivalent freshwater head, based upon

pr.essur.e measur.ements, ver.sus time for. the tr.ansducers installed in the

Culebra in the walls of the thr.ee shafts at the WIPP site.

Fr.an these hydrogr.aphs, the undistur.bed fr.eshwater. heads wer.e estimated.

Events which can complicate the determination of undistur.bed condi tions

are well-test activities and shaft activities. Haug et ale (1987) found

that since the summer of 1981, the hydraulic state of the CUlebr.a has been

significantly influenced by the dr.illing and excavating of the three

HO 9700 R55 4 E-3



shafts at the WIPP si te. Also, numerous well tests have been performed

since that date of large enough duration to create sub-regional

transients. For these reasons, when possible, the undisturbed freshwater

heads were estimated from data collected before December 1981. For some

wells, only recent (i.e., 1987) water-level data were available for

determining estimates of the undisturbed freshwater heads. Table E.3

summarizes undisturbed freshwater heads for each w(~ll along wi th the

approximate date of the measurement on which it is be.sed. In Table E.3,

the uncertainty in the borehole-fluid density presented in Table E.2,

expressed as g/cm3 , is converted to a head uncertainty based on an average

depth of fluid in the borehole above the center of the Culebra. In

addition to borehole-fluid-density uncertainty, other trends in the

hydrograph data or specific well activities may add uncertainty to these

estimates. The final column of Table E. 3 combines this uncertainty wi th

the borehole-fluid-densi ty uncertainty to arrive at a total uncertainty,

expressed as meters of head, for the undisturbed freshwater-head

estimates. This total uncertainty is considered to represent one standard

deviation from the mean. When more than one value of undisturbed

feeshwater head can be estimated from several wells at a hydropad, the

value used is from the well with the least uncertainty in the average

borehole-fluid-density estimate.
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1I,'rllilil/l,1j and Exhaust Shaft

I~ reehnologlec Figure E.36



========================================================================================
REFERENCE

'WELL ELEVATION
(ft arnsl)

REFERENCE MEASURING MEASURING- MEASURING- P~RIOD MEASURING
ELEVATION POINT * POI~T ELEV. POINT ELEV. POINT APPLICABLE
(rn arnsl) (TOC/TOT/GS) (ft arnsl) (rn arnsl)

========================================================================================

H-l

H-2A

H-2Bl

H-2B2
H-2C

H-3Bl

H-3B2
H-3B3

H-4A
H-4B

H-4C

H-5A
H-5B

H-SC

H-6A
H-6B

H-6C

H-7Bl

H-7B2
H-7C

H-8B

H-9A
H-9B

H-9C

H-l0B

H-llBl
H-llB2
H-llB3

H-12

H-14

Drawn by

3397.9

3377.8

3377.6

3377.6
3377.7

3389.4

3388.3
3387.1

3332.8
3332.7

3332.5

3505.6
3505.4

3505.8

3347.3
3347.6

3347.9

3163.6

3164.0
3163.4

3433.8

3405.4
3405.6

3405.9

3687.0

3412.1
3412.1
3412.1

3426.0

3345.6

Date

1035.7

1029.6

1029.5

1029.5
1029.5

1033.1

1032.8
1032.4

1015.8
1015.8

1015.7

1068.5
1068.4

1068.6

1020.2
1020.3

1020.4

964.3

964.4
964.2

1046.6

1037.0
1038.0

1038.1

1123.8

1040.0
1040.0
1040.0

1044.2

1019.7

GS
TOT

TOT
TOC

GS
TOT
TOT
TOT
TOC

GS
TOC

GS
TOT
TOC
TOC
TOC

TOT
GS

TOC
TOC

TOT
GS

TOC
TOC

TOC
GS

TOC
TOC

GS
TOC
TOC
TOC

BGS
TOC

TOC
BGS
TOC
TOC

BGS
TOC

TOC
TOC
TOC

TOC

TOC

3397.9
3400.2

3378.8
3378.1
3377.6
3378.9
3379.8
3379.3
3378.4
3377.7
3378.4

3389.4
3391.3
3390.6
3389.0
3386.4

3333.7
3332.7
3333.4
3333.1

3506.2
3505.4
3506.1
3506.0

3348.1
3347.6
3348.2
3348.5

3163.6
3164.3
3164.4
3164.1

3433.8
3434.5

3405.9
3405.6
3406.3
3407.1

3687.0
3687.8

3411.4
3411.6
3412.4

3427.2

3347.2

1035.7
1036.4

1029.9
1029.6
1029.5
1029.9
1030.2
1030.0
1029.7
1029.5
1029.7

1033.1
1033.7
1033.5
1033.0
1032.2

1016.1
1015.8
1016.0
1015.9

1068.7
1068.4
1068.6
1068.6

1020.5
1020.3
1020.5
1020.6

964.3
964.5
964.5
964.4

1046.6
1046.8

1038.1
1038.0
1038.2
1038.5

1123.8
1124.0

1039.8
1039.9
1040.1

1044.6

1020.2

3/17/77-1/24/84
5/16/83-PRESENT **

10/16/83-4/30/84
4130/84-PRESENT
2/21/77-6/24/83
6/24/83-7/1 0/84

7/10/84-7/8/86
7/8/86-PRESENT

1215/83-PRESENT
1/1/77-6/1/83
6/1/83-PRESENT

5/25/77-11/21/83
4/30/83-1985

POST-1985
3/12/84 -PRESENT
2/27/84 - PRESENT

10/23/82-PRESENT
6/2/78-8/20/82

8/20/82-PRESENT
10/23/82-PRESENT

7/19/84-PRESENT
7/7/78-10/18/84
10/18/84-PRESENT
4/9/84-PRESENT

4/9/84-PRESENT
7'125/78-10/18/84
4/9/84-PRESENT
4/9/84-PRESENT

9/19/79-1/7/85
1/26/84-PRESENT

1/2/84-PRESENT
10/28/83-PRESENT

8/13/79-1/7/85
1/7I85-PRESENT

Si/21/83-PRESENT
8129/79-1/7/85

Si/21/83-PRESENT
~,/21/83- PRESENT

11/1/79-8/20/82
5/6/B6-PRESENT

9/7/83-PRESENT
12/5/83-PRESENT
~;/16/84- PRESENT

11/4/83-PRESENT

~;/11/87 - PRESENT

Checked by

Revisions

I-D9700R554

Date

Date

Measuring-Point Elevations for' the

WIPP-Ar'ea BOr'eholes

INrtlLl\. Technologies Table E.l
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===================================================================;================:===
REFERENCE

IJELL ELEVATION
(ft amsl)

REFERENCE MEASURING MEASURING- MEASURING- PERIOD MEASURING
ELEVATION POINT * POINT ELEV. POINT ELEV. POINT APPLICABLE

(m arnsl) (TOC/TOT/GS) (ft arnsl) (m amsl)
========================================================================================

H-15 3480.2

DOE-l 3465.1

DOE-2 3418.4

P-14 3359.8

P-15 3309.8

P-17 3335.8

P-18 3477.3

IJIPP-12 3471.3

YIPP-13 3405.4

IJIPP-18 3456.4

IJIPP-19 3433.1

IJIPP-21 3417.1

IJIPP-22 3425.8

IJIPP-25 3212.5

10'1 PP-26 3151. 7

YIPP-27 3177.2

IJIPP-28 3346.6

YIPP-29 2977.0

IJIPP-30 3427.5

ERDA-9 3408.8

eB-1 3327.3

USGS-l 3425.0

1060.8

1056.2

1041.9

1024.1

1008.8

1016.7

1059.9

1058.1

1038.0

1053.5

1046.4

1041.5

1044.2

979.2

960.6

968.4

1020.0

907.4

1044.7

1039.0

1014.2

1043.9

TOC

TOC

TOC

BGS
TOC

BGS
Toe

GS
Toe

GS
Toe

TOC

Toe

TOC

TOC

TOC

TOC

GS
TOC

GS
Toe

GS
TOT

GS
TOT

GS
TOC

GS
TOC

Toe

Toe

GS

3481.6

3465.2

3419.2

3359.8
3361.1

3309.8
3311.4

3335.8
3337.2

3477.3
3478.4

3472.1

3405.8

3458.8

3435.2

3418.9

3428.2

3212.5
3214.4

3151.7
3153.2

3177.2
3179.4

3346.6
3349.6

2977.0
2978.3

3427.5
3429.5

3410.1

3328.4

3425.0

1061.2

1056.2

1042.2

1024.1
1024.5

1008.8
1009.3

1016.7
1017.2

1059.9
1060.2

1058.3

1038.1

1054.2

1047.0

1042.1

1044.9

979.2
979.7

960.6
961.1

968.4
969.1

1020.0
1021.0

907.4
907.8

'044.7
1045.3

1039.4

1014.5

1043.9

12/23/86-PRESENT

12/1/83-PRESENT

4/2/86-PRESENT

3/27/77-8/24/83
8/24/83-PRESENT

5/25/77-8/25/83
8/25/53-PRESENT

5/25/77-5/25/82
5/25/82-PRESENT

5/25/77-3/15/83
3/15/83-PRESENT

10/14/85-PRESENT

10/27/85-PRESENT

8/5/85-PRESENT

8/5/85-PRESENT

8/5/85-PRESENT

8/5/85-PRESENT

8/24/83-1/7/85
11/27/84-PRESENT

8/24/83-1/7/85
10/27/84-PRESENT

8/24/83-1/7/85
10/30/84-PRESENT

9/29/83-1/7/85
1/7/85-PRESENT

10/8/80-1/7/85
1/7/85-PRESENT

8/23/83-1/7/85
10/30/84-PRESENT

1/5/87-PRESENT

'1/20/86-PRESENT

9/22160-PRESENT

• (TOC) refers to top of casing, (TOT) refers to top of tubing,
and (GS) refers to ground surface.

** Present refers to date of latest update of data used in this
table (late 1987).

HJ9700R554

DateDrawn by

Checked by

Revisions

Date

Date

Measuring-Point Elevations for the

WIPP-Area Boreholes
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BOREHOLE-FLUID DENSITIES; Database Update 09/22/87
=====:===================================~====================::==============

WELL AVERACE BOREHOLE
FLUID DENSITY

(g/em3)

ESTIMATED FlUID
DENSITY UNCERTAINTY(l)

(g/em3)

TIME PERIOD
DEN!, ITY APPLI CABLE

==============================================================:::=============

H-l 1.020 +/- 0.01 3117/I7-PRESENT (2)

H-2a 1.070 +/- 0.06 07/15/83 - 07/09/84
1.050 07/0'U84 - PRESENT

H-2bl 1.010 +/- 0.01 02/13/77 - 01/09/84
1.050 +/- 0.04 01/09/84 - PRESENT

H-2b2 1.050 +/- 0.04 1215/83-PRESENT
H-2e 1.050 - 0.04 1/1/77-PRESENT

H-3b1 1.036 +/- 0.01 5125/77-PRESENT
H-3b2 1.036 +/- 0.01 3/12/84-PRESENT
H-3b3 1.036 +/- 0.01 2/27/84 - PRE SENT

H-4a 1.019 +/- 0.02 10/23/82-PRESENT
H-4b 1.019 +/- 0.01 6/2/78-PRESENT
H-4e 1.019 +/- 0.02 10/23/82-PRESENT

H-5a 1. 10 +/- 0.02 7/19/84-PRESENT
H-5b 1. 10 +/- 0.01 7/7/78-PRESENT
H-5e 1.10 +/- 0.02 4/9/84-PRESENT

H-6a 1.039 +/- 0.02 4/9/84-PRESENT
H-6b 1.039 +/- 0.01 7/,:5/78-PRESENT
H-6e 1.039 +/- 0.02 4/9/84 - PRESENT

H-7bl 1.009 +/- 0.01 91'~9/79- PRESENT
H-7b2 1.009 +/- 0.01 1/2/84-PRESENT
H-7e 1.009 +/- 0.01 10/28/83-PRESENT

H-8b 1.000 + 0.01 8/'13/79- PRESENT

H-9a 1.000 + 0.01 9/;!1/83-PRESENT
H-9b 1.000 + 0.01 8t:!9/79-PRESENT
H-ge 1.000 + 0.01 6t:!1/83-PRESENT

H-l0b 1.046 +/- 0.01 11/1/79-PRESENT

H-l1b1 1.083 +/- 0.01 9/7/83-PRESENT
H-l1b2 1.085 +/- 0.01 12/5/83-PRESENT
H-11b3 1.080 +/- 0.01 3/16/84-PRESENT

H-12 1.095 +/- 0.03 12/30/83 - 07/09/84
1.095 +/- 0.01 07/09/84 - PRESENT

H- 14 1.009 +/- 0.01 3/11/87-PRESENT

H-15 1.000 +/- 0.01 . 11/10/86-4/14/87
1. 143 +/- 0.02 4/14/87-PRESENT

DOE-1 1.090 +/- 0.02 12/1/83-PRESENT

DOE-2 1.060 +/- 0.03 10/12/84-6/30/86
1.030 +/- 0.01 6/30/86 - PRESENT

P-14 1.013 +/- 0.01 03/07/77 - 12/17/86
1.007 +/- 0.01 12/17/86 - PRESENT

Drown by Dote

Checked by Dote Borehole-Fluid Density and Estimated Density
Revjsions Dote Uncertainty for WIPP-Area Boreholes
HJ9700R554
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=============================================================================

IJELL AVERAGE BOREHOLE- ESTIMATED FLUID- TIME PERIOD
FLUID DENSITY DENSITY UNCERTAINTY(1) DENSITY APPLICABLE

(g/cm3) (g/cm3)
=============================================================================

P-15 1.015 + 0.05 05/10/77 - 06/06/85
1.006 06/06/85 - 03/27/87
1.006 03/27/87 - PRESENT

P-17 1.063 +/- 0.01 5125/n-PRESENT

P-18 1.115 + 0.04 5/25/n-PRESENT

IJIPP-12 1.2 - 0.05 10/14/85 - OS/21/86
0.995 +/- 0.01 OS/21/86 - PRESENT

IJIPP-13 1.2 - 0.05 10/26/85 - 04/04/86
1.024 +/- 0.01 04/04/86 - 01/12/87
1.027 +/- 0.01 01/12/87 - PRESENT

IJIPP-18 1.08 + 0.12 10/11/85 - OS/20/86
1.1 +/- 0.01 OS/20/86 - 08/25/86

1.098 +/- 0.01 08/25/86 - PRESENT

IJIPP-19 1.18 + 0.021-0.05 10/09/85 - 05/31/86
1.096 +/- 0.01 05/31/86 08/22/86
1.124 +/- 0.01 08/22/86 - PRESENT

IJIPP-21 1.000 +/- 0.01 10/06/85 - 06/28/86
1.012 +/- 0.01 06/28/86 - 08/25/86
1.020 +/- 0.01 08/25/86 - PRESENT

IJIPP-22 1.15 +/- 0.05 10/08/85 - 06/19/86
1.115 +/- 0.01 06/19/86 - 08/26/86

1.07 + 0.04 08/26/86 - PRESENT

IJIPP-25 1.008 +/- 0.01 8/24/83-PRESENT

Io/IPP-26 1.000 + 0.01 8/24/83-PRESENT

Io/IPP-27 1.027 +/- 0.01 8/24/83-PRESENT

IJIPP-28 1.032 +/- 0.02 9/29/83-PRESENT

Io/IPP-29 1.170 +/- 0.04 10/8/80-PRESENT

Io/IPP-30 1.060 +/- 0.01 8123/83-PRESENf

ERDA-9 1.080 +/- 0.01 1/5/87-PRESENT

CB-1 1.029 +/- 0.01 10/20/86-PRESENT

ENGLE 1.001 + 0.01 3/4/85-PRESENT

USGS-1 1.000 unknown 9/22/60-PRESENT

(1) Borehole-fluid uncertainty is a judgement based upon a detailed
study of the activities at each borehole and the water-quality
and pressure-density-survey data available.

(2) Present refers to the final date of latest update of data used
in this table (July 1987).

Drawn by Date

Checked by

Revisions

HJ9700R554

Date

Date

Borehole-Fluid Density and Estimated Density

Uncertainty for WIPP-Area Boreholes
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===~======================================================================================

~ELL UNDISTURBED
F.~. ELEV
(m ams l)

DATE
SELECTED

HEAD UNCERTAINTY
DUE TO BOREHOLE
FLUID DENSITY(m)(1)

OVERALL HEAD
UNCERTAINTY(m) (2)

==========================================================================================

H-1

H-2b1 (3)

H-3b1

H-4b

H-5b

H-6b

H-7b

H-8b

H-9b

H-10b

H-11 b3

H-12

H-14

H-15

H-17 (4)

DOE-1

DOE-2

P-14

P-15

P-17

~IPP-12

~IPP-13

~IPP-18

\lIPP-25

~IPP-26

Drewn by

921.6

923.5

917.1

913.3

933.5

932.3

912.6

911.8

907.0

920.8

912.5

913.5

915.0

918.0

913.2

915.0

935.4

927.0

916.4

912.6

932.2

934.0

930.0

931.0

917.5

Date

06/81

10/77

07/81

08/82

02/80

02/79

06/81

01/82

11/81

06/81

06/87

03/84

03/87

03/87

10/87

07/87

01/87

06/84

01/79 '.

09/87 EXT RAP

01/87

01/87

01/87 EXTRAP

07/83

08/83

+/- 1

+/- 2

,+/- 1

+/- 1

+/- 1.5

+/- 1

+/- 0.5

+/- 0.5

+/- 1

+/- 2

+/- 1

+/- 1

+/- 1

+/- 1.5

NA (5)

+/- 2

+/- 1.5

+/- 1

+2 /-1

+/- 1

+/- 1.5

+/- 1

+/- 1

+/- 1

+ 0.5

"

+/- 2

+/- 2.5

+/- 3

+/- 2

+/- 2

+/- 2

+/- 1

+/- 1.5

+/- 2

+/- 2.5

+/- 2

+/- 1.5

+/ - 1. 5

+/- 5

NA

+/- 2.5

+/- 2.5

+/- 2

+/- 2.5

+/- 2.5

+/- 3

+/- 2.5

+/- 2

+/- 2

+/- 1.5

Checked by

Revisions

H09700SS4

Date

Date
Undisturbed Freshwater Heads and Unce~taintie8

INr"~ Technologies Table E.3

E-46



==========================================================================================

IJELL UNDISTURBED
F.IJ. ELEV

(m amsl)

DATE
SELECTED

HEAD UNCERTAINTY
DUE TO BOREHOLE
FLUID DENSITY(m) (1)

OVERALL HEAD
UNCERTAINTY(m) (2)

==========================================================================================

IJIPP-27 937.5 08/83 + 1 +1- 1.5

IJIPP-28 938.1 08/83 +1- 1 +/- 1.5

'olIPP-29 (5 ) 905.4 01/82 +1- 0.5 +1- 1

'olIPP-30 934.7 09/87 +1- 1 +/- 2

CB-1 911.2 02/87 +1- 1 +1- 2

USGS-1 909.0 08/60 unknown +/- 1.5

==========================================================================================

NA : Not applicable

(1) Uncertainty is based upon the uncertainty in the estimate of the borehole-fluid
density only at the time of the static head estimate.

(2) Total head uncertainty takes into account uncertainty introduced by uncertainty
in borehole-fluid density and uncertainty introduced by trends in the hydrographs.

(3) 'olhen more than one undisturbed head can be estimated for a hydropad, the vaLue
used is from the well which has the lowest magnitude of uncertainty in the bore
hoLe-fLuid density.

(4) H-17 undisturbed head is based upon estimate from drilL-stem
tests conducted by R. Beauheim (pers. comm. 10/9/87). No transient
data from H-17 are incLuded in this modeLing effort.

(5) Uncertainty at 'olIPP-29 could be much larger due to man-made transients in Nash Draw.

Drawn by Date

Checked by Date

Revisions

H09700RSS4
Date

Undisturbed Freshwater Heads and Uncertainties
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APPENDIX F FORMATION-FLUID DENSITIES

To interpret ground-water hydraulic and geochemical data, formation-water

density data are required. The densities of water samples from boreholes

open to a given formation will be the same as the densi ties of the

formation water only if the samples are not contaminated. Contamination

can result from the mixing of formation water with drilling fluids, with

fluids used in borehole construction, and with water from other

formations. KnOWledge of the extent of such contamination, if any, is

required to evaluate the composition and density of formation fluids for

geochemical purposes and for flow-path validation to support ground-water

modeling.

Density and chemical analytical data on Culebra samples have been

evaluated for their internal consistency and for indications of how well

they may. represent the density and chemistry of Culebra formation

waters. The evaluation procedures are described in Haug et al. (1987).

Table F.1 lists the density data base. There are some additional entries

in this data base that were not present in Haug et al. (1987). The table

lists the reference and source of the sample data, the date the sa~ple was

taken, and the values of specific gravity or density of the sample. Using

the methodology described in Haug et al. (1987), the calculated densities

and the density values suggested for modeling purposes are presented. The

latter column has been used in this modeling study.

REFERENCES

Haug, A., V.A. Kelley, A.M. LaVenue, and J.F. Pickens, 1987. Modeling of

Ground-Water Flow in the Culebra Dolomite at the Waste Isolation Pilot

Plant (WIPP) Site: Interim Report. Sandia National Laboratories,

Contractor Report SAND86-7167.

Other References: The references for the data sources are listed at the

end of Table F.1.
F-l/F-2
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A/
.//

Measured Specific Gravity and Density (g/cm3)

Source of
\Jell Date Te~. Mercer,1983 (1) Robinson,1987 (2) \JQSP-Round 1 (3) \JQSP-Round 2 (4) HydroGeoChem( 5) Intera Field Data Calculated Data used Density

No. Nuttber Sampled (OC) sp.grv. densi ty sp.grll. d.ensity sp.grv. density sp_grv. density sp.grv. densi ty sp.grv. density Densi ty • in Calculation to Use
g/cm3 g/cm3 g/cm3 g/cm3 g/cm3 g/cm3 g/cm3 g/cm3

- .._----_._----.-._--._--- ....._------.---------_ .... -.- ........ _---------------------------------._._._.--- ... --.--------------------.--------_ .. _-------------------------.----- .. __ ...... --- ...._------------ .....
H-l 02-Jun'76 23.0 1.016 1.0136 1.0218 USGS 1.022

H-2a 21-Ap.-86 23.0 1.009 1.0066 1.0085 \,J-Rl-B 1.009

H-2bl 22-Feb-n 22.5 1.012 1.0099 1.0058 USGS 1.009

H-2b2 16-Nov-83 20.0 1.006 1.0042

H-3bl 17-Mar-n 21.5 1.024 1.0219 1.0396 USGS 1.036

6 H-3b2 16·00c·85 23.0 1.037 1.0344 (6)

7 H·3b3 11·Jun·84 (22.5) 1.0381 HGC-a 1.036
8 04·Fob·85 25.0 1.0386 ~-Rl'B 1.036
9 05-May-86 22.1 1.038 1.0357

10 H-4b 29,MaY'81 23.0 1.010 1.0076 1.0151 SNL-8 1.016
11 25·Jul·85 21.5 1.015 1.0129 1.0140 ~-Rl-8 1.016
12 09-Nov-86 21.1 1.018 1.0160

13 H-4c 10-Aug-84 (22.5) 1.0145 HGC-B 1.013
14 (22.5) 1.012 1.0097

15 H·5b 01'Jun-81 24.0 1.10 1.097 1.1077 SNL-B 1.102
16 27-Aug'85 22.5 1.105 1.1015 1.1040 ~'Rl 'B 1.102
17 21'MaY'86 23.7 1.105 1.1021

18 H-5c 15-0c'-81 .25.0 1.10 1.097 LIOn SNL-B 1.102

19 H-6b 02-MoY'81 23.0 1.040 1.0375 1.0410 SNL-B 1.039
20 15-Sep-85 23.5 1.042 1.0394 1.0394 ~'Rl-B 1.039
21 28-Jul'86 25.6 1.040 1.0368

22 H-7b 20-Ma.·80 (22.5) 1.001 0.9987 1.0015 USGS 1.001
23 26·Ma.-86 21.5 1.001 0.9989 1.0005 ~-R'-B 1.001
24 21· Fl!b-86 22.0 1.000 0.9977 (6)

25 H·8b "-Feb-80 (22.5) 1.000 0.9977 1.0007 USGS 1.000
26 09'Oec-85 23.0 1.002 0.9995 (6)
27 22-Jan-86 22.0 1.002 0.9998 1.0001 ~-Rl-B 1.000

28 M·9b 14-Nov-85 22.0 1.003 1.0007 1.0006 ~-Rl-B 1.001

29 H-l0b 21'Mor-80 (22.5) 1.045 1.0426 1.0465 USGS 1.047

30 H-l1b3 13-0c'-84 (22.5) 1.087 1.0845 (9)
31 23-MaY'85 22.5 1.091 1.0885 1.0819 ~'Rl-B 1.078
32 Q4-Jun'86 24.0 1.081 1.0781

33 M-12 09'Aug-85 24.0 1.096 1.0930 1.0960 ~-Rl-B 1.093

34 H-14 11·0ec·86 22.0 1.010 1.00n (8) 1.008 (11)
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No.
\Jell

NunDer
Date

Sampled
Temp.
("C)

Mercer,1983 (1)
sp.grv. density

g/cm3

Robinson,1987 (2)
sp.grv. density

g/cm3

~CSP-Round 1 (3)
sp.grv. density

g/cm3

waSP-Round 2 (4)
sp.grv. density

9/cm3

HydroGeoChem(S)
sp.grv. density

g/crn3

Intera field Data
sp.grv. density

9/cm3

Calculated
Densi ty •

g/cm3

Source of
Data used

in Calculation
Densi ty
to Use

g/cl1'L3

1.1560 (12)
35 H-15 ll-HaY'87 24.0
36 l1-May-87 22.0

37 H-17 26-Nov-87 26.5

38 OOE-l 12-Apr'B5 22.5
39 03-Jul'86 23.0

40 00E·2 12·Mar.. 8S 21.5
41 04'Jul-86 25.0
42 27-Aug-86 22.7

43 P-14 26-Feb-86 22.5

44 P-15 10-May-77 21.5

45 p-17 17"Mar·86 21.5
46 18'00c-86 20.9

47 ~IPP'13 18·Feb-87 25.0

48 ~IPP'25 20-Aug-80 23.0
49 12-Feb-86 21.5

50 ~IPP'26 24-Aug-80 22.0
51 2S"Nov-85 22.0

52 ~IPp-27 22-Aug'80 (22.5)
53 05-Sop-80 22.0

54 ~IPP'28 11'Sop-80 22.5

55 ~IPP'29 20-Aug-80 (22.5)
56 28-Aug'80 20.0
57 14~Oec-B5 23.0

58 ~IPP-30 06'Sop-80 21.0

59 Englo 04-M"'85 (22.5)

60 C.B.-l 03-0ct-86 23.0

References:

1.080 1.0778

1.010 1.0076

1.005 1.0028

1.094 1.0915
1.090 1.0876

1.030 1.0277

1.178 1.1753
1. 160 1.1580

1.02 1.018

1.1100
, .091

1.0600

1.043

1.019 1.0167

1.065 1.0626
1.063

1.010 1.0079

1.012 1.0098

1.216 1.2131

1.0150

1.0883

1.0405

1.0609

1. 160 1. 1569 (8)
1.153 (11)

1.1065 1.103 (11)

1.0906 ~-Rl-B 1.088

1.0431 ~-Rl-B 1.041
1.040 1.0370 (1)

1.0174 ~-Rl-B 1.017

1.0152 USGS 1.015

1.0609 ~-Rl-B 1.061

1.0460 1.043 (11)

1.0072 SNL-8, F 1.008
1.0086 ~-Rl-B 1.008

1.0094 SNL-B 1.012
1.0115 ~-Rl-B 1.012

1.0906 USGS 1.092
1.0963 SNt.-B 1.092

1.0321 SNl"B 1.032

1.1676 USGS 1.213 (10)
1.1691 SNL-B 1.213 (10)
1.2176 ~-Rl-B 1.213 (10)

1.0204 SNL-B 1.020

1.0009 ~-Rl-B 1.001

1.031 1.0285 (7)

IN1IIt.1\ Technologies

Orown by

Revisions

Cl'lecked by

ITable F.1 (cont.)

Culeb~a Dolomite Formation-Fluid Jensity

Data Base

Sandis tlational Labs sample" Bendix and 1ield analytical data
Sandia National labs sample - Bendix analytical data
WSP sampling" Round 1; Bendix analytical data
USGS sample and chemical analyses

Date

Date

Date

.. Calculated densities are determined using Pitzer ion' interaction
theory for the Cl'salt component of the solution and stoichiometric
addition of densities of pure solutions for the S04-salt co~onents.

The technique is discussed in detaH in Appendix E of Haug et al., 1987.

SNL'B,F
SNL·B

\J-Rl-B
USGS
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(1) Mercer, J.W., 1983. Geohydrology of the Proposed Waste Isolation Pilot Plant Site, Los "edanos area. Southeastern New Mexico.
USGS \later Resources Investigation Report 83-4016, 113 pp.

(Z) Robinson, K.L., 1987. Analysis of Solutes in Groundwaters from the Rustler Formation at and Near the WIPP site
SA~Da6-0917; Sandia National labs

(3) Resul ts are referenced in (2) above
(4) Uhland, O'W'tW~S.. aandall, and R.C. Carrasco, 1987. Annual \Jster Quality Data Report.

Report OOE-WIPP"87.. 006, Westinghouse Electric Corporation
(5) Results are referenced in (2) above
(6) Hydrologic Data Report, fI3

Contract~r Report SAND86-7109; INTERA Technologies, Inc., 1986
Salt concentrations are not avsllsble for 8 cslculated density therefore a density reconmendation is not provided

(7) Hydrologic Data Report #4
Contractor Report SAND86"7166~ Saulnier, G.J., Jr., G.A. Freeze, and \.l.A. Stensrud 1986
Salt concentrations are not available for a calculatea density therefore a densHy reconmendation is not provided

(8) Hydrologic Data Report #5
Contractor Report SAND87-7125; Stensrud, \oJ.A., M.A. Same, K.D. Lantz, A.H. Lavenue, J.B. Palmer, and
G.J. Saulni~r, ~r. 1981 S~lt concentrations are not available for a calculated density, therefore a density
reconmendatlcn 1S not prOVIded

(9) Unpublishea. aata. trom Hydro Gee Chern 1 i eld notes duri ng grab sa~l ing at Hydropad H.11
(10) RecOll1Tlended denslty may r!flect groun~·water ~o~tamjnation from nearby potash tailings dumps

~g~ ~:~~~n~~sc~:u~~:~r~~ew~~~z~~s~n:~~~f~lo~e~~~~~~~~on but is believed to be representative of the formation fluid
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APPENDIX G TRANSIENT' TESTS IMPLEMENT'ED

DURING TRANS lENT SIMULATIONS

G.1 Initial Conditions

The purpose of this modeling study is not only to simulate the

undisturbed hydrologic condi tions but to also simulate the transient

behavior of the Culebr'a dolomite in r'esponse to the H-3 and WIPP-13

multipad pumping tests. These tests cannot be simulated adequately by

simply assuming undisturbed hydr'aulic conditions at the beginning of

each of the multipad pumping tests. The major' disturbing events

(i.e., shaft activities and well tests) must be implemented in order to

obtain similar initial hydr'ologic conditions in the Culebr'a dolomite at

the beginning of the H-3 and WIPP-13 mUltipad pumping tests.

Descriptions of the shaft activities, the well tests that ar'e considered

to be signif icant, and the H-3 and WIPP-13 mul tipad pumping tests are

presented in the following sections.

G.2 Descr'iption of Shaft Activities

As already discussed in Section 3.7.4, the hydrogeology of the Culebr'a

dolomite has been influenced by dr'illing and excavating three shafts

(waste-handling shaft, construction and salt-handling shaft, and exhaust

shaft) at the center of the WIPP site. These shaft activities have been

by far the most important hydrologic disturbances at the WIPP si te since

1981, resulting in large changes in the piezometric surface at the

central part of the WIPP site (Section 3.7.4).

G.2.1 The Early Shaft History

The first shaft excavated was the construction and sal t-handl ing

shaft, formerly called the explor'atory shaft. A detailed histor'y of

the shaft construction was r'epor'ted by Fenix and Scisson (1982). This
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histor'Y was used by Stevens and Beyeler' (1985) to model the effect of

the shaft dr'illing and shaft completion on the hydcologic r'esponse at

the H-1, H-2, and H-3 wells in both the Magenta and the Culebr'a

Dolomite Member's of the Rustler' Formation. As demonstr'ated by Stevens

and Beyeler (1985), the effect of the explor'ator'y--shaft constr'uction

on the pressur'es in the Culebr'a dolomite was significant at the well

locations H-1, H-2, and H-3.

A synopsis of dr'illing and constr'uction events r'elevant to this study

is summarized below (modified after Stevens and Beyeler, 1985):

July 4, 1981

August 4, 1981

August 9, 1981

August 15, 1981

October' 24, 1981

H09700R554

Start of reverse-rotar'y drilling with 3.68-m

diameter. Land-sur'face elevation is about
1039.4 m amsl.

Drilled into the top of the Culebr'a dolomite.

Drilled through the bottom of the CUlebr'a

dolomite. The dr'illing-fluid level in the shaft

fell below the bot tom of the 11agenta dolomi te

(about 847.4 m amsl). Consequently, the fluid

pr'essur'e in the Culebr'a dolomite (center at 822

m amsl) fell below 350 kPa.

Dr'Hling-fluid level in the shaft fell below the

bottom of the Culebr'a dolomit<:l; subsequently,

ground-water' flow fr'om the Culebr'a dolomite into

the shaft was unrestr'icted and the Culebr'a

dolomite was exposed to atmospher'ic pr'essur'e

(about 101 kPa).

Dr'illing stopped 701 m below land sUr'face; the

bOr'ehole was filled with brine to about 77 m

G-2



October 25, 1981

to

November 15, 1981

November 16, 1981

H09700R554

below land surface (962 m amsl). The brine

density was not reported. Stevens and Beyeler

(1985) estimated the ratio of the density of the

brine to the density of the formation fluid to

be about 1.3. The formation-fluid density at

the shaft location is not exactly known, but

likely to be between 1.02 g/cm3 (e.g., at the

well H-1) and 1.04 g/cm3 (e.g., at H-3 or

DOE-2). Consequently, it can be assumed that

the density of the brine was about 1.3 g/cm3,

which is rather high. Using this density, the

pressure at the center of the Culebra dolomite

can be calculated to be 1886 kPa. The

corresponding equivalent freshwater head equals

1004 m amsl.

Brine was continually added to the shaft. The

drilling fluid level, which was occasionally

reported, rose about 35 m over the time

period. It is likely that a considerable amount
of brine entered the Culebra dolomite during

that time period.

The drilling fluid level in the shaft was

approximately 997.2 m amsl, resulting in a

pressure of about 2334 kPa at the center of the

Culebra dolomite (assuming 1.3 g/cm3 as brine

density). This corresponds to an eqUivalent

freshwater head of 1049.7 m amsl.
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November 16, 1981

to

December 3, 1981

December 4, 1981

to
December 6, 1981

The casing was lowered into the ~,haft. Stevens

and Beyeler (1985) assumed that the brine either

over-flowed the borehole while the casing was

being lowered or the brine level was at ground

level. This assumption results in a calculated

formation pressure in the Culebra dolomite of

2873 kPa or an equivalent freshwater head of

1104.6 m amsl.

Beginning December 4, the annular' space between

the casing and the shaft wall waE~ cemented.

Stevens and Beyeler (1985) again made the

assumption that the brine in the shaft was

either overflowing onto the land surface or was

at land surface. Thus it can be assumed that

the formation pressure in the Culebra dolomite

was about the same as during the casing

installation. On Decembe~ 6, the cement-sealing

operation ended.

Thus, the early shaft-history period lasted from July 1981 through

December 1981. The effects of the activities at the explorator.y shaft

during that time period on the hydrologic conditions at the locations

of H-l, H-2, and H-3 can be seen in the corresponding diagrams in

Appendix E (Figures E.l, E.2, and E.3). All three figures show a

sudden decrease of the freshwater head in the third quarter of 1981

which was caused by the first exposure of the Culebra dolomite to

atmospheric pressure. The peak elevation, caused by filling the

exploratory shaft with brine in December 1981, is also clearly shown

H09700R554 G-4



on all thr'ee diagr'ams. The subsequent decr'ease of the fr'eshwater'

heads in 1982 r'eflects the end of the influence by the explor'ator'y

shaft and the exposur'e of the Culebr'a dolomite to atmospher'ic pr'essur'e

at the ventilation shaft (Section G.2.2). Although the above

discussed ear'ly shaft acti vi ties did not significantly influence the

hydr'ologic condi tions in the Culebr'a dolomite in 1985, they wer'e

incorpor'ated into the simulations because their' effects cepr'esent an

excellent test of the behavior' of the transient model. The effects of

the shafts over' the total period of 1981 to 1985, however, did have a

pronounced influence on the pressure distr'ibution in the Culebra at

the start of the H-3 mUltipad test in 1985.

G.2.2 The Open-Shaft Period

The drilling of the ventilation shaft (1. 83-m diameter'), which was

widened two years later' and renamed the waste-handling shaft (5. 8-m

diameter), was stacted in December 1981 and completed in February

1982. Dr'illing-fluid-level data from this time per'iod are not

available. Therefore, it was assumed that, similar to the drilling of

the exploratory shaft (Section G.2.1), the drilling-fluid level fell

below the Culebra dolomi te on Januar'y 15, 1982. Subsequently, the

ground-water flow from the Culebra dolomite into the shaft was

unrestricted, i.e., the Culebra dolomite was again exposed to atmos

pher'ic pr'essur'e. The ventilation shaft remained open and dr'aining

pr'ior' to excavation as the waste-handling shaft between November 1983

and August 1984.

The thi r'd of the three shafts, the exhaust shaft, was s tar-ted as a

7-7/8-inch pilot hole in October 1983. It was drilled out to an

11-inch diameter' in December' 1983. The shaft was then r'aise-bor'ed to

1.83-m diameter' from December 1983 to Febr'u~ry 1984. Although the

liner plate at the elevation of the Culebra dolomite was grouted

during shaft constr'uction in December 1984, consider'able seepage
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through the lining was observed (more than 1 liter/min). An addi

tional grouting and sealing of the Culebra dolomite was conducted in

June and July 1985. The exact date for which the sealing of the

Culebra dolomite was effective is not known. Based on the r'ecorded

pressures at the waste-handling shaft, it was assumed for modeling

purposes that the Culebr'a dolomite at the exhaust shc~t was sealed on

July 15, 1985. At the scale of the model, the thr,:;e shafts can be

considered to be a single hydrologic factor in the model.

Consequently, it was assumed for the modeling study that the Culebr'a

dolomi te was exposed to atmospher'ic pressure from ,January 15, 1982

through July 15, 1985. During this time period, the ground-water flow

from the Culebra dolomite into at least one of the shafts was assumed

to be unrestricted.

The drawdown at the well locations H-1, H-2, and H-3 caused by the

open shafts can be seen in the corresponding diagrams ·in Appendix E

(Figures E.1, E.2, and E.3). SUbsequent to the spring of 1983, the

drawdowns at these wells were disturbed by other E.cti vities (e. g. ,

pumping tests). Therefore, the maximum drawdowns caused by the open

shaft can only be estimated to be approximately 14 m at H-1, 4 m at H

2, and 2.8 m at H-3.

The recor'ded data of H-4, H-5, H-6, P-15, and P··17 (Appendix E,

Figur'es E.4, E.5, E.6, E.18, E.19) do not show a cleal:' response to the

construction wOr'k at the shafts, partly because their water' levels

wer'e disturbed by other' factor'S. It was assumed that the effects of

the open shafts at these well locations wer'e less than 1 m.

No water'-level data for the time period befor'e 1984 WE~re available for'

the locations of DOE-1, H-11, WIPP-18, WIPP-19, WIPP-21, and

WIPP-22. Tner'efore, it is not possible to estimate the effects of the

shaft construction on the formation pr'essures at these locations.
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G.2.3 The Shaft Leakage After Shaft Sealing

As mentioned before, the last of the three shafts (i.e., the exhaust

shaft) was lined and sealed in July 1985. However, the sealing in all

three shafts is not fully effective, allowing formation water fram the

Culebra to leak through the shaft seals. Pressure transducers monitor

the formation pressures behind the shaft liners. Both the observed

leakage and the measured formation pressures indicate that the Culebra

dolomite has not returned to undisturbed hydrologic conditions and has

a formation-pressure drawdown cone around the shaft location. The

depth and the size of the continuing drawdown cone will be governed by

the long-term pressure at the shaft location and the remaining leakage

rates. The hydrologic conditions at the beginning of the H-3 multipad

pumping test in October 1985 and the WIPP-13 mUltipad pumping test in

January 1987, therefore, lie somewhere between the conditions caused

by exposure to atmospheric pressure for 4 years, and new conditions

defined by the remaining shaft leakage.

The exist ing hydrologic data (Appendix E) indicate that the Culebra

freshwater head at the shaft location between July 1985 and October

1985 was somewhere between 885 and 900 m amsl. There are no

documented measurements of the total shaft leakage for' that time
period. Leakage rate measurements taken in the waste-handling shaft

in 1986 range between 0.5 and 2 l/min. For the first transient

simulations, a total leakage rate (for all three shafts) of 2 l/min

was assumed for the sealed but leaking shafts.

G.2.4 Simulation of the Shaft History

In order to simulate the shaft history outlined in the previous

sections, a sink/source at the shaft location was inclUded in the

model. Technically this was done by placing a pumping/injection well

in the grid block that corresponds to the location of the three
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shafts. The early shaft history (Section G.2.1) and the open-shaft

period (Section G. 2.2) were simulated using the pressure-controlled

mode of the wellbore submodel (Reeves et al., 1986). Using trlis model

option, the transient pressures at the shaft location during that time

period were prescribed. The corresponding leakage or injection rate

was automatically adjusted by SWIFT II during the simulation so that

the prescribed pressures were maintained at the grid-block center

(Figure 5.2).

For the simulation of the sealed but leaking shafts (Section G.2.3)'

the rate-controlled mode of the wellbore submodel (Heeves et al.,

1986) was used. As discussed in Section G.2.3, an assumed leakage

rate of 2 l/min was used for this event in the transiEmt simulations

presented in Section 5.0.

G.3 Simulation of Well Tests

Since 1981, the hydraulic heads of the Culebra dolomite has not only

been disturbed by the shaft activities discussed in the peevious section

but also by numerous well tests. Important for the hydraulic conditions

in the central part of the model area were the tests pecformed at H-2,

H-3, and H-4. Consequently, the tests on these wells or hydr-opads that

were considered to be relevant and for which sufficient data were

available were implemented in the model. The following SE!ctions discuss

the tests which were considered important and the methodology used to

simulate these tests.

G.3.1 Well Tests at the H-2 Hydropad

Tne test history of the H-2 hydropad is rather compUcated (Appen

dix E, Figure E. 2), consisting of a number of slug, pumping, and

tracer tests. However, for this modeling stUdy, only tests conducted

since 1981 were consider'ed. This 1. s because ear'liec tes ts ar'e not
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likely to have an influence on the hydrologic conditions in the

CUlebra dolomite in 1985 or 1986.

Based on unpublished information (field-test notebooks prepared by

Hydro Geo Chern, Inc. and INTERA Technologies, Inc. for sandia National

Laboratories), the following major tests have been conducted at the

H-2 hydropad in the period 1981 to 1985:

o a pumping test at H-2b2 (October 13-16, 1983) with an average

pumping rate of 1.47 l/min (calculated for a 72-hour pumping

period) ;

o a second pumping tes t at H-2b2 (November 8-17, 1983) with an

average pumping rate of 1.07 l/minj

o bailing at H-2b1, H-2b2, and H-2c between June 7, 1984 and July 2,

1984. The volumes of ground water removed from the different

boreholes during the different tests totaled about 8100 1. This

corresponds to an average production rate of 0.23 l/min during

that time periodj

o a third pumping test at H-2b2 (July 17 - August 2, 1984). During

eight pumping periods, about 2600 1 were removed from that bore

hole. This corresponds to an average pumping rate of O. 11 l/min

during the time period.

Numerous additional tests or similar activities wer'e performed since

1981, but because they did not last more than 3 or 4 days, they were

not considered to be important enough to be implemented into the

model. Also, recirculation tracer tests per'formed at the WIPP site

wer'e not consider'ed because these tests do not represent a net removal

of ground water' from the Clilebra.
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The well histocy at the H-2 hydropad was complicated by drilling

activities (e.g., H-2b2 in summer 1983), well reconditioning (e.g.,

all wells at the H-2 hydropad in winter 1983/1984), packer movements

and transducer installations (e.g., H-2b1 in July 1984). Sufficient

data on these activities were not available to allow incorporation of

them into the model. Thus, only the four tests outlined above were

implemented into the model using the SWIFT II wellbore submodel (rate

controlled mode). The pumping rates associated with these four tests

are illustrated in Figure 5.3.

G.3.2 Convergent-Flow Tracer Tests at the H-3 Hydropad

After completion of the H-3 hydropad early in 1984, the first majoc

test conducted at thathydropad was the convergent-flow tracer test

(Hydro Geo Chern, 1985; Kelley and Pickens, 1986). The activities

associated with this test included well development,. a pumping test

designed to evaluate the transmissivity of the Culebra dolomite at the

H-3 hydropad, and the pumping period corresponding to the convergent

flow tracer test. The pumping rates associated with these activities

are plotted in Figure 5.3. The first two pumping periods (well

development) were very short and therefore were not incorporated into

the model.

The first pumping period that was incorporated into the model lasted

from Apr-il 23 through May 7, 1984. An average prodUi~tion r-ate of 15

l/min was used. On May 7, the pumping rate was lowl~red in order to

prepare for the convergent-flow tracer test which had to be per-formed

under regUlated-flow conditions. As Figure 5.3 shows, a pumping rate

of about 11.4 llmin was maintained between May 7 and June 3, 1984.

From June 3 until the end of the tes t on June 12, 1984, moderately

higher pumping rates were r'ecocded. An average pump:Lng rate of 13.2

llmin was selected for modeling purposes foe this lat tl~r per-iod.
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In summary, the convergent-flow tracer test was implemented as a

pumping test using 15 l/min for the time period from April 23 to

May 7; 11.4 l/min from May 7 to June 3; and 13.2 l/min from June 3 to

June 12, 1984.

G.3.3 Step-Drawdown Test at the H-3 Hydropad

A step-drawdown test was performed at the H-3 hydropad between June 20

and July 10, 1985 (INTERA, 1986). Using the well H-3b2 as a pumping

well, the pumping rate was step-wise increased (Figure 5.3) and the

responses in the surrounding wells recorded (Appendix E).

As illustrated in Figure 5.3, the following average pumping periods

and rates were implemented:

June 20 - June 24, 1985 7.75 l/min

June 24 - June 28, 1985 15.0 l/min

June 28 - July 5, 1985 18.0 l/min

July 5 - July 10, 1985 19.25 l/min

These four pumping periods with the corresponding pumping rates were

implemented using the rate-controlled mode of the SWIFT II wellboce

submodel.

G.3.4 H-3 Multipad Pumping Test

The pumping period of the H-3 multipad pumping test was fcorn

October 15, 1985 through December 16, 1985 (INTERA, 1986). Using the

H-3b2 well as the pumping well, an average of about 18.5 l/mi n

(Figure 5.3) was removed over a time period of 62 days. The H-3

multipad pumping test was incorporated into the model using the rate

controlled mode of the SWIFT II wellbore submodel.
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G.3.5 Convergent-Flow Tracer Test at the H-4 Hydropacl

A long-term tracer test was conducted at the H-4 hydropad from

October 24, 1982 to October 15, 1984 (Hydro Geo Chern, 1985; Kelley and

Pickens, 1986). The withdrawal well was H-4c. The pumping rate

during the tracer test (Figure 5.3) can be generally divided into two

separate flow periods. The first flow rate started October 24, 1982

wi th a pumping rate of about 1 l/min which continued until June 10,

1983. At that time, the pumping rate was doubled. to 2 l/min and

maintained until August 9, 1983. As Figure 5.3 shOWS, the pumping

rate fluctuated around 1.86 l/min during the following months until

June 20, 1984. Slightly higher pumping rates, with an estimated

average of 2 l/min, were recorded from June 20, 1984 until the end of

the tracer test on October 15, 1984. Similar to the other well tests,

the H-4 convergent-flow tracer test was implemented into the model

using the rate-controlled mode of the SWIFT II wellbor-e submodel.

G.3.6 WIPP-13 Multipad Pumping Test

The WIPP-13 multipad pumping test consisted of a 36-clay constant-rate

pumping period followed by a 72-day recovery period. The test began

on January 12, 1987, with WIPP-13 being pumped continuously at

approximately 116 l/min unt il February 17, 1987 (Stensrud et al.,

1987). The actual pumping rate varied slightly over the 36-day period

from 113 l/min to 119.8 l/min.

Four periods were used in the model to implement the WIPP-13 pumping

test. From January 12 to January 27, a pumping rate of 113.4 l/min

was used. The second period was from January 27 to February 4 and had

a pumping rate of 116.4 l/min. The highest pumping rate of 119.4

l/min was implemented from February 4 to February 11. The fourth

period lasted from February 11 until February 17 and had a pumping

rate of 118.0 l/min. The pumping rates implemented j.n the model are

illustrated in Figure 5.3.
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G.4 Time-Step Considepations

The tpansient pesolution of the simulation of each of the hydpologic

distuPbances is a dipect function of the numbep and the length of the

time steps. Taking into account the length of time to be simulated

(mope than 6 yeaps) and the tpansient pesolution of the obsepved head

data (Appendix E), it was determined that a pesolut ion of one day was

apppoppiate. Consequently, the smallest time step used in this modeling

stUdy had a length of one day. In opdep to optimize the efficiency of

the tpansient simulations, the minimum time step was only used at the

beginning of a new activity, e.g., at the stapt of a test OP aftep

dpilling a shaft. Simila~ to the common p~actice of reducing monitoring

fpequency duping a hydpaulic test, the length of subsequent time steps

was incpeased (e.g., 2, 4, 8, 16 days). An apbitpapy maximum of 32 days

was chosen for the time-step size.
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