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EXECUTIVE SUMMARY 

This hydrogeologic modeling study has been performed as part of the 
regional hydrologic characterization of the Waste 1so.lation Pilot Plant 
(WIPP) Site in southeastern New Mexico. The study resulted in an 
estimation of the transmissivity distribution, hydraulic potentials, flow 
field, and fluid densities in the Culebra Dolomite Member of the Permian 
Rustler Formation at the WIPP site. 

The three-dimensional f ini te-diff erence code SWIFT-I1 was employed for the 
numerical modeling, using variable-fluid-density and a single-porosity 
formulation. The variable-fluid-density approach does riot, at this stage, 
include changes in brine density within the model due to the present flow 
field or due to local reactions, such as halite dissolution. The spatial 
scale of the model, 24 km by 25 km, was chosen to allow simulation of a 
62-day pumping test conducted in the fall of 1985 at the H-3 hydropad 
south of the center of the WIPP site, and a 36-day pumping t,est 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 dewlop the best 
estimate of the undisturbed head distribution, i.e., of the situation 
before sinking of the WIPP shafts, which began in 15181 ; and (2) 
superimposed transient modeling of local hydrologic responses to 
excavation of the three WIPP shafts at the center of the IrJIPP site, as 
well as to various well tests. Boundary conditions (prescribed constant 
fluid pressures and densities) were estimated using hydraulic-head and 
fluid-density data obtained from about 40 wells at and near the WIPP 
site. The transient modeling used the calculated steady-state freshwater 
heads as initial conditions. 
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The initial spatial transmissivity distribution in the Culebra dolomite 
was obtained using two' different kriging techniques, the USCS universal 
kriging code, K603, and the MIT generalized kriging code, AKRIP. The 
resulting transmissivity distributions are very similar with low 
transmissivities ( <  1 x loq7 m2/s> in the eastern model area, intermediate 
transmissivities (1  x to 1 x lo-' m2/s> in the central part of the 
model area, and high transmissivities ( >  1 x m2/s> in the western 
part of the model area representing Nash Draw. The transmissivity 
distribution estimated by AKRIP was selected for the initial steady-state 
simulation. The resulting initial steady-state model was calibrated such 
that the differences between the calculated and observed freshwater heads 
are below the uncertainties associated with observed heads. Calibration 
parameters were the prescribed boundary conditions and transmissivities. 
AKRIP was used in the estimation of the transmissivity distributions 
during calibration. 

The steady-state calibrated transmissivity distribution contains a 
relatively high-transmissivity zone between wells H-17 and P-17. Modeled 
transmissivities within this zone are approximately 5 x m 2 / s .  The 
location of the zone is approximately the same as that proposed in a 
previous interim modeling report, but the transmissivity is four times 
lower in magnitude. Sensitivity analyses performed in this study 
demonstrate that the introduction of a higher transmissivity feature 
between H - 1 7  and P-17 is required to reduce the differences between the 
calculated and observed heads in the vicinity of DOE-1 and H-11 below the 
uncertainties of the observed heads. The final transmissivity 
distribution is also characterized by a relatively large area of low 
transmissivities (less than approximately m2/s) near the center of 
the site. This area includes wells H-1, H-2, WIPP-12, WIPP-18, WIPP-19, 

WIPP-21, WIPP-22, P-18, and H-5, in addition to the WIPP shafts. 

After final calibration of the steady-state model, the following drilling 
and testing activities at the WIPP shafts and well locations were 
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incorporated i n t o  the  model and superimposed on to  t h e  s t eady- s t a t e  head 

d i s t r i b u t i o n :  ( 1 )  a s impl i f i ed  but complete shaft histoi?y s i n c e  1981 ; (2 )  
three pumping tests and a series of s l u g  tests conducted a t  t h e  H-2 

hydropad i n  1982 and 1981; ( 3 )  the H-3 convergent-flow tracer test  
conducted i n  1984; ( 4 )  t h e  H-3 step-drawdown tes t  conducted i n  1985; ( 5 )  
t h e  H-3 multipad pumping test i n  1985 and 1986; ( 6 )  the convergent-flow 
tracer tes t  at the H-4 hydropad conducted between 1982 and 1984; and (7 )  
the WIPP-13 multipad pumping test conducted i n  1987. The t r a n s i e n t  
s imula t ion  of the  above hydraul ic  stresses i n  the  Culebra dolomite 
extended from January 1 ,  1981 t o  December 31 , 1987. 

The i n i t i a l  t r a n s i e n t  s imula t ion  us ing  the s t e a d y - s t a t e  calibrated model 
adequately reproduced the observed drawdowns a t  P-14, DOE-2, and H-6 
during the WIPP-13 multipad pumping tes t .  The ca l cu la t ed  drawdowns a t  
H-11 and DOE-1 during t h e  s imula t ion  of the H-3 multipad pumping tes t  are 
a l s o  very similar t o  t he  observed drawdowns. The s t e a d y - s t a t e  calibrated 

t r a n s m i s s i v i t i e s  do not adequately reproduce the observed t r a n s i e n t  
responses generated from t h e  shaf t  events  o r  t h e  observed drawdowns a t  the 
pumping wells used i n  the s imula t ion ,  H-2, H-3, H-4, and WIPP-13. 
Generally,  the ca l cu la t ed  drawdowns a t  these wells art? a f a c t o r  of two 
g r e a t e r  than  the observed drawdowns. S i m i l a r l y ,  t h e  ca l cu la t ed  drawdowns 
due t o  the shaf t  events  are a f a c t o r  of two greater than t h e  observed 
drawdown a t  H - 1 ,  H-2, and H-3. 

S e n s i t i v i t y  ana lyses  performed t o  determine t h e  effects of the  model 

t r a n s m i s s i v i t i e s  and s t o r a t i v i t y  upon the ca l cu la t ed  t r a n s i e n t  heads 

i n d i c a t e  tha t  adjustments  t o  t h e  s t e a d y - s t a t e  cal ibrated t r a n s m i s s i v i t i e s  
are necessary to  reduce the d i f f e rences  between t h e  ca l cu la t ed  and 
observed t r a n s  i en t  data. These ana lyses  ind ica t e :  ( 1  1 lower 
t r a n s m i s s i t i v i t i e s  are required between t h e  s h a f t s  and H-1, H-2, H-3, and 
the WIPP wells i n  the  v i c i n i t y  of the shaf ts ;  ( 2 )  higher  t r a n s m i s s i v i t i e s  
are necessary i n  the  v i c i n i t y  of H-2, H-3, H-4, and WIPP-13; and ( 3 )  a 
higher  t r ansmiss iv i ty ,  l ow-s to ra t iv i ty  zone between WIPP-13 and t h e  WIPP 

wells nor th  of the sha f t s  is necessary t o  reproduce the observed t r a n s i e n t  
responses during the WIPP-13 multipad pumping tes t .  
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The modeling study discussed in this second interim report is based on the 
transmissivity data available as of November 1987, as well as the 
hydraulic-head data available as of August 1987. This modeling study 
represents recent progress towards a comprehensive modeling study 
characterizing the regional hydrogeology of the Culebra dolomite of the 
Rustler Formation at the WIPP site. The next step will incorporate the 
results of the transient effects due to the pumping during a tracer test 
at the H-11 hydropad and the transient effects due to the construction of 
the fourth shaft at the WIPP site. Improvement of the agreement between 
the observed and the calculated transient freshwater heads by additional 
calibration efforts is also planned. In addition, adjoint-sensitivity 
techniques will provide quantitative estimates of sensitivities of model 
results to the spatial distribution of the model parameters and the 
boundary conditions. The final report is planned to be issued in early 
1989. 

H09700 R55 4 V 



TABLE OF CONTENTS 

EXECUTIVE SUMMARY .............................................. ii 
TABLE OF CONTENTS .............................................. vi 

LIST OF FIGURES ................................................. x 
LIST OF TABLES .................................................. xviii 

1.0 INTRODUCTION ............................................... 1-1 

1.1 Objectives ............................................... 1-2 

1.2 Other Modeling Studies of Ground-Water Flow in the 
Culebra Dolomite ........................................ 1-3 

1.2.1 Modeling Studies Before 1985 ........................ 1-3 

1.2.2 Interim Report by Haug et a1 . ( 1  987) ................ 1-6 

1.2.3 Other Recent Modeling Studies ....................... 1-8 

1.3 Present Approach to Modeling of Ground-Water Flow 
in the Culebra Dolomite ................................. 1-11 

2.0 SITE CHARACTERIZATION ..................................... 2-1 

2.1 General ................................................. 2-1 

2.2 Stratigraphy ............................................ 2-1 

2.3 Regional Hydrogeology ................................... 2-3 

2.4 Regional Dissolution in the Rustler Formation ........... 2-5 

2.5 Implications of Rustler Ground-Water Isotopic Studies ..... 2-8 

3.0 MODEL CONCEPTUALIZATION ................................... 3-1 

3.1 General Approach ........................................ 3-1 

3.2 SWIFT I1 Code Description ............................... 3-2 

3.3 Model Description ....................................... 3-4 
3.3.1 Model Area .......................................... 3-4 
3.3.2 Model-Grid Description .............................. 3-4 

3.4 Physical Model Constants ................................ 3-6 

HO 97 0 0 RT 5 4 vi 



TABLE OF CONTENTS 
(cont . 1 

PAGE 
3.5 Transmissivity of the Culebra Dolomite .................. 3-7 

. 3.5.1 Data Base ........................................... 3-7 
3.5.2 Uncertainty of the Transmissivity Data .............. 3-8 
3.5.3 Estimation of Transmissivity Over the Model Region .... 3-9 

3.5.3.1 Estimation of Transmissivity Field Using the 
Universal Kriging Code K603 ................... 3-10 
Estimation of Transmissivity Field Using the 
Generalized Kriging Code AKRIP ................ 3-14 

3.5.3.3 Ccxnparison Between the Results of Universal 
Kriging and the Results of Generalized Kriging ... 3- 16 

3.6 Storativity of the Culebra Dolomite .................... 3-19 
3.6.1 Data Base ........................................... 3-19 
3.6.2 Correlation Between Storativity and Transmissivity ..... 3-19 
3.6.3 Initial Model Storativities .......................... 3-20 

3.7 Hydraulic Conditions in the Culebra Dolomite ........... 3-21 

3.5.3.2 

3.7.1 Data Base ........................................... 3-21 
3.7.2 Abridged Transient Data ............................. 3-22 
3.7.3 Estimation of the Undisturbed Hydrologic Conditions 

over the Modeled Region .............................. 3-23 
3.7.4 Hydraulic Stresses Since 1981 ........................ 3-25 
3.7.5 Initial Boundary Conditions ......................... 3-25 

3.8 Formation-Fluid Densities .............................. 3-26 
3.8.1 Data Base ........................................... 3-26 
3.8.2 Estimation of Formation-Fluid Densities Over 

Modeled Region ...................................... 3-27 

4.0 SIMULATION OF FLOW UNDER UNDISTURBED HYDROLOGIC 
CONDITIONS (PRE-SHAFT) .................................... 4-1 

4.1 Initial Conditions ..................................... 4-1 
4.2 Initial Steady-State Simulation ........................ 4-2 

HO 970 0 R5 5 4 
0 

vii 



TABLE OF CONTENTS 
( cont . ) 

4.3 Calibration of the Steady-State Model .................. 4-3 
4.3.1 General Approach .................................... 4-3 

4.3.2 The Steady-State Calibrated Transmissivity Field .... 4-5 
4.3.3 The Calibrated Steady-State Heads ................... 4-7 
4.3.4 Sensitivity of the Calculated Heads to the High- 

Transmissivity Zone South of H-11 

Boundary Conditions ..................................... 4-12 

................... 4-10 

4.3.5 Sensitivity of the Calculated Heads to the Southwestern 

Apparent Local Maxima and Minima in the Calculated 
Freshwater Heads .................................... 4-14 

.... 4-16 

4.3.6 

4 .4  Calculated Particle Travel Times in the Model Region 

5.0 SIMULATION OF TRANSIENT RESPONSES RESULTING FROM SHAFT ACTIVITIES 
AND WELL TESTS ............................................... 5-1 

Calibrated Model ........................................ 5-2 
5.1 Initial Transient Simulation Using the Steady-State 

5.1.1 Simulation of the Early Shaft Pressure History ....... 5-3 
5.1.2 Simulation of the Open-Snaft Period ................... 5-4 
5.1.3 Simulation of the Shaft Leakage After Shaft Sealing .... 5-4 
5.1.4 Simulation of the H-2 Well Tests ..................... 5-5 
5 .1 .5  Simulation of the H-3 Convergent-Flow Tracer Test ...... 5-5 
5.1.6 Simulation of the H-3 Step-Drawdown Test ............. 5-6 

5.1.7 Simulation of the H-3 Multipad Pumping Test .......... 5-7 
5.1.8 Simulation of the H-4 Convergent-Flow Tracer Test ..... 5-9 
5.1.9 Simulation of the WIPP-13 Multipad Pumping Test ....... 5-9 

to Transmissivity ....................................... 5-10 

Transmissivity ....................................... 5-12 

Tests to Transmissivity ............................... 5-13 

5.2 Sensitivity of the Transient Calculated Freshwater Heads 

5.2.1 Sensitivity of the Shaft-Induced Responses t;o 

5.2.2 Sensitivity of the Calculated Responses from the H-3 

HO 9700 A5 5 4 viii 



TABLE OF CONTENTS 
(cont.) 

PAGE 

5.2.3 Sensitivity of the Calculated Responses from the H-4 
Test to Transmissivity ............................... 5-14 
Sensitivity of the Calculated Responses from the 
WIPP-13 Pumping Test to Transmissivity 

5.2.4 
............... 5-14 

5.3 Sensitivity of the Transient Calculated Freshwater Heads 
to Storativity ............................................ 5-15 

5.3.1 Sensitivity of the Shaft-Induced Responses to 
Storativity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5-  16 

5.3.2 Sensitivity of the Calculated Responses from the 
H-3 Tests to Storativity ............................ 5-16 

5.3.3 Sensitivity of the Calculated Responses from the H-4 
Test to Storativity 
Sensitivity of the Calculated Responses from the 

................................. 5- 17 

5.3.4 
WIPP-13 Pumping Test to Storativity .................. 5-18 

Summary of Transient Simulations ........................... 5-18 5.4 

6.0 CONCLUSIONS .................................................. 6-1 

7.0 BIBLIOGRAPHY ................................................. 7-1 

FIGURES 
TABLES 

APPENDIX A BOREHOLE COORDINATES 
APPENDIX B CULEBRA ELEVATIONS 
APPENDIX C CULEBRA TRANSMISSIVITIES 
APPENDIX D CULEBRA STORATIVITIES 
APPENDIX E TRANSIENT FRESHWATER HEADS 
APPENDIX F FORMATION-FLUID DENSITIES 
APPENDIX G TRANSIENT TESTS IMPLEMENTED DURING TRANSIENT SIMULATIONS 

HO 9700 R55 4 ix 



LIST OF FIGURES 

Figure .1 

Figure 1.2 

Figure 1.3 

Figure 1.4 

Figure 1.5 
Figure 1.6 

Figure 1.7 

Figure 1.8 

Figure 1.9 

Figure 2.1 
Figure 2.2 
Figure 2.3 

Figure 2.4 

Figure 3.1 
Figure 3.2 
Figure 3.3 
Figure 3.4 

Site Location for the Waste Isolation Pilot Plant Showing 
the Observation-Well Network fo r  Regional Hydrogeologic 
Characterization Studies 
Comparison of Regional-Model Areas f o r  Simulating Ground- 
Water Flow in the Rustler Formation and/or the Culebra 
Dolomite Member at the WIPP Site 
Best Estimate of the Undisturbed Freshwater Heads in the 
Culebra 
Best Estimate of Undisturbed Formation-Water Densities in 
the Culebra 
Transmissivities of the Calibrated Steady-State Model 
Calibrated Steady-State Model: Freshwater Heads and Darcy 
Velocities 
Calibrated Steady-State Model: Differences Eetween the 
Calculated and the Observed Freshwater Heads 
Calibrated Steady-State Model: Formation-Water Densities and 
Darcy Velocities 
Calibrated Steady-State Model: Differences Eletween the 
Calculated and the Observed Formation-Water Densities 

Geologic Column Representative of WIPP Area 
The Occurrence of Halite Beds Within the Rustler Formation 
Stratigraphic Cross Section of the Rustler EFormation West to 
East Across the WIPP Site 
Stable-Isotope Compositions of Ground Water:; From the 
Rustler Formation 

WIPP-Area and Model Boundaries 
WIPP-Area Boreholes and Model Grid 
Thickness Distribution of the Culebra Dolomftte 
Center-of-Culebra Elevations Over Modeled Rf g' ion 

H09700R554 X 



LIST OF FIGURES 

Figure 3.5 

Figure 3.6 

Figure 3.7 
Figure 3.8 
Figure 3.9 
Figure 3.10 

Figure 3.11 

Figure 3.12 

Figure 3.13 
Figure 3.14 
Figure 3.15 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 
Figure 4.5 
Figure 4.6 

Figure 4.7 

Frequency Histograms of Log Transmissivities (m 2 / s )  

Representative of Selected Hydrogeologic Tests in the 
Culebra Dolomite 
Log Transmissivity Distribution of Final Transmissivity 
Values 
Raw Semi-Variograms of Culebra Transmissivities 
Raw Semi-Variograms of Residuals 
Raw and Theoretical Semi-Variograms 
K603 Transmissivity Estimates and Estimation Errors Without 
Data Uncertainty 
K603 Transmissivity Estimates and Estimation Errors With 
Data Uncertainty 
Initial Kriged Transmissivities and Estimation Errors (Using 
AKRIP) 
lbe Initial Negative Log Transmissivities (Using AKRIP) 
Kriged Freshwater Heads and Estimation Errors (Using AKRIP) 
Kriged Formation-Fluid Densities Used in Model (Using AKRIP) 

The Calculated Freshwater Heads of the Initial Simulation 
(Using AKRIP Initial Transmissivities and the Initial 
Boundary Cond i t ions 1 
The Differences Between the Calculated and the Observed 
Freshwater Heads of the Initial Simulation 
The Steady-State Calibrated Log Transmissivities (Using 
AKRIP) 
The Steady-State Calibrated Negative Log Transmissivities 
Steady-State Calibrated Heads and Darcy-Velocity Vectors 
Differences Between the Calibrated Steady-State and Observed 
Freshwater Heads 
Log Transmissivities Without a High-Transmissivity Zone 
South of H-1 1 

HO 9 700 R5 5 4 xi 



LIST OF FIGURES 
(cont. ) 

Figure 4.8 

Figure 4.9 

Figure 4.10 

Figure 4.11 

Figure 4.12 

Figure 4.13 

Figure 4.14 

Figure 4.15 

Figure 4.16 

Figure 4.17 

The Calculated Freshwater Heads Without a High- 
Transmissivity Zone South of H-11 
Differences Between the Calculated and Observed Freshwater 
Heads Without High-Transmissivity Zone Soutn of H-11 
Log Transmissivities With a Moderate-Transmissivity Zone 

The Calculated Freshwater Heads With a Moderate- 
Transmissivity Zone South of H-11 
Differences Between the Calculated and Observed Freshwater 
Heads With a Moderate-Transmissivity Zone South of H-11 

The Calculated Freshwater Heads Using Increased Heads at 
Southwestern Model Boundaries 
Differences Between the Calculated and the Observed 
Freshwater Heads Using Increased Heads at Southwestern Model 
Boundaries 
Center-of-Grid-Block Elevations in Northeast Quadrant of 
Modeled Area 
Model-Calculated Freshwater Heads in Northeast Quadrant of 
Modeled Area 
Calculated Particle Travel Times in the Model Region 

South of H-11 

Figure 5.la Calculated and Observed Transient Freshwater Heads at H-1, 
H-2, and H-3 Using the Steady-State Calibrated 
Transmissivity Distribution 
Calculated and Observed Transient Freshwater Heads at H-4, 
H-5, H-6, and H-11 Using the Steady-State Calibrated 
Transmissivity Distribution 
Calculated and Observed Transient Freshwater Heads at H-14, 
WE-1, DOE-2, and P-14 Using the Steady-St,ate Calibrated 
Transmissivity Distribution 

Figure 5 . l b  

Figure 5.lc 

HO 9700 R5 5 4 xii 



n 

LIST OF FIGURES 
(cont. ) 

Figure 5. Id 

Figure 5.1 e 

Figure 5.lf 

Figure 5.lg 

Figure 5.2 

Figure 5.3 
Figure 5.4a 

Figure 5.4b 

Figure 5.4~ 

Figure 5.4d 
Q 

Figure 5.4e 

Figure 5.4f 

Figure 5.4g 

Figure 5.4h 

brs 

Calculated and Observed Transient Freshwater Heads at P-17, 
WIPP-12, WIPP-13, and WIPP-18 Using the Steady-State 
Calibrated Transmissivity Distribution 
Calculated and Observed Transient Freshwater Heads at WIPP- 
19, WIPP-21 , WIPP-22, and WIPP-30 Using the Steady-State 
Calibrated Transmissivity Distribution 
Calculated and Observed Transient Freshwater Heads at ERDA-9 
Using the Steady-State Calibrated Transmissivity 
Distribution 
Calculated and Observed Transient Freshwater Heads at Shaft 
Location Using the Steady-State Calibrated Transmissivity 
Distribution 
Leakage o r  Injection Rates at the Shaft Location Used in t h e  

Base-Case Transient Simulation 
Well-Test Pumping Rates Used in the Transient Simulations 
Sensitivity of Calculated Transient Freshwater Heads at H-1 
to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at H-2 

to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at H-3 
to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at H-4 
to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at H-6 
to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at H-11 
to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at DOE- 
1 to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at DOE- 
2 to Transmissivity 

HO 9700 R5 5 4 xiii 



Figure 5.4i 

Figure 5.4j 

Figure 5.4k 

Figure 5.5a 

Figure 5.5b 

Figure 5.5~ 

Figure 5.5d 

Figure 5.5e 

Figure 5.5f 

Figure 5.5g 

Figure 5.5h 

Figure 5.5i 

Figure 5.5j 

Figure 5.5k 

Figure E.l 

HO 9 700 R55 4 

A 

LIST OF FIGURES 
( cont . I  

Sensitivity of Calculated Transient Freshwater Heads at 
WIPP-12 to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at 
WIPP-13 to transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at 
WIPP-22 to Transmissivity 
Sensitivity of Calculated Transient Freshwater Heads at H-1 
to Storativity 
Sensitivity of Calculated Transient Freshwater- Heads at H-2 
to Storativity 
Sensitivity of Calculated Transient Freshwatetl Heads at H-3 
to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at H-4 
to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at H-6 
to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at H-11 
to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at DOE- 
1 to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at DOE- 
2 to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at 
WIPP-12 to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at 
WIPP-13 to Storativity 
Sensitivity of Calculated Transient Freshwater Heads at 
WIPP-22 to Storativity 

Equivalent Freshwater Elevations for  the Culebra Dolomite at 
Well H-1 

xiv 



.- 

LIST OF FIGURES 
(cont.) 

Figure E.2 

Figure E.3 

Figure E.4 

Figure E.5 

Figure E.6 

Figure E.7 

Figure E.8 

Figure E.9 

Figure E.10 

Figure E.ll 

Figure E.12 

Figure E. 13 

Figure E.14 

Figure E.15 

Figure E.16  

Figure E.17 

Equivalent Freshwater Elevations for the Culebra Dolomite at 
the H-2 Hydropad 
Equivalent Freshwater Elevations for the  Culebra Dolomite at 
the H-3 Hydropad 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
the H-4 Hydropad 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
the H-5 Hydropad 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
the H-6 Hydropad 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
the H-7 Hydropad 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
the H-8 Hydropad 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
the H-9 Hydropad 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
the H-10 Hydropad 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
the H-11 Hydropad 
Equivalent Freshwater Elevations fo r  the Culebra Dolomite at 
Well H-12 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
Well H-14 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
Well H-15 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
Well DOE-1 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
Well DOE-2 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
'dell P-14 

HO 9700 R5 5 4 xv 



LIST OF FIGURES 
(cont. 1 

Figure E.18 

Figure E.19 

Figure E.20 

Figure E.21 

Figure E.22 

Figure E.23 

Figure E.24 

Figure E.25 

Figure E.26 

Figure E.27 

Figure E.28 

Figure E.29 

Figure E.30 

Figure E.31 

Figure E.32 

Figure E.33 

Equivalent Freshwater Elevations for the Cu.lebra Dolomite at 
Well P-15 
Equivalent Freshwater Elevations fo r  the Culebra Dolomite at 
Well P-17 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
Well P-18 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
Well WIPP-12 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
Well WIPP-13 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
Well WIPP-18 
Equivalent Freshwater Elevations f o r  the Ciilebra Dolomite at 
Well WIPP-19 
Equivalent Freshwater Elevations for the Cillebra Dolomite at 
Well MIPP-21 
Equivalent Freshwater Elevations f o r  the Culebra Dolomite at 
Well WIPP-22 
Equivalent Freshwater Elevations f o r  the Culebra Dolomite at 
Well WIPP-25 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
We 11 wIP P -26 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
Well WIPP-27 
Equivalent Freshwater Elevations for  the Culebra Dolomite at 
Well WIPP-28 
Equivalent Freshwater Elevations f o r  the Culebra Dolomite at 
Well WIPP-29 
Equivalent Freshwater Elevations for the Culebra Dolomite at 
Well WIPP-30 
Equivalent Freshwater Elevations f o r  the Culebra Dolomite at 
Well ERDA-9 

H09700R554 xv i 



LIST OF FIGURES 
(cont. 1 

Figure E.34 Equivalent Freshwater Elevations for the Culebra Dolomite at 
Well USGS 81 

Figure E.35 Equivalent Freshwater Elevations for the Culebra Dolomite at 

Figure E.36 
Well CB-1 
Equivalent Freshwater Elevations for  the Culebra Dolomite in 
the Construction and Salt-Handling Shaft, Waste-Handling 
Shaft, and Exhaust Shaft 

HO 970 0 R5 5 4 xvii 



LIST OF TABLES Q 
Table 3.1 

Table 3.2 
Table 3 .3  

Table 3.4 

Table 3.5 

Table 3.6 

Table  4.1 
Table 4.2 

Table 4.3 
Table 4.4 

Table 4.5 

Table  4.6 

Table 4.7 

Coordinates and Dimensions of the Model Area and the  Grid 

Blocks 

Physical Model Constants  
Culebra Transmissivi ty  and S t o r a t i v i t y  at the  WIPP-Area 
Boreholes 
Resul t s  of the  Semi-Variogram Analysis on t h e  Culebra 
Transmi ss i v i  ti es 
Culebra Undisturbed Equivalent Freshwater Hei3ds and the  

Associated Unce r t a in t i e s  
Culebra Formation-Fluid Dens i t ies  a t  the WIPP-Area Boreholes 

Boundary Condit ions f o r  the  I n i t i a l  S i m u l a t i m  
Di f f e rences  Between Ca lcu la t ed  and Observed Freshwater Heads 

fo r  the  I n i t i a l  Simulat ion 
Boundary Condit ions fo r  the  Steady-State Calibrated Model 

Dif fe rences  Between Calculated and Observed Freshwater Heads 
f o r  the  Steady-State Calibrated Model 
Dif fe rences  Between Calcula ted  and Observed Freshwater Heads 
f o r  S e n s i t i v i t y  C a s e  1 (Without High-Transmissivity-Value 
Pilot  Po in t s  Near H - 1 1 )  

Differences Between Calcula ted  and Observed Freshwater Heads 

for  S e n s i t i v i t y  Case 2 (Intermediate-Transmissivity-Value 
P i lo t  Poin ts  Near H-11)  

Differences Between Calculated and Observed Freshwater Heads 

f o r  S e n s i t i v i t y  Case 3 ( Increased  Heads Along the 

Southwestern Boundaries) 

HO 97 0 0 R5 5 4 x v i i i  



LIST OF TABLES 
(cont. ) 

Table A.l 
Table B.l 

Table C. 1 
Table C. 2 
Table D.l 
Table E.l 
Table E.2 

Table E.3 
Table F.l 

0 
HO 9 700 R5 5 4 

WIPP-Area Borehole UTM Coordinates 
Ground-Surface and Culebra Dolomite Elevations fo r  WIPP-Area 
Boreholes 
Culebra Dolomite Transmissivity Data Base 
Culebra Transmissivity Uncertainties 
Culebra Dolomite Storativity Data Base 
Measuring-Point Elevations fo r  the WIPP-Area Boreholes 
Borehole-Fluid Density and Estimated Density Uncertainty for  
WIPP-Area Boreholes 
Undisturbed Freshwater Heads and Uncertainties 
Culebra Dolomite Formation-Fluid-Density Data Base 

xix/xx 



1 . 0 INTRODUCTION 

S i t e -cha rac t e r i za t ion  efforts are being conducted a t  t h e  Waste I s o l a t i o n  
P i l o t  Plant  (WIPP) s i t e  i n  southeas te rn  New Mexico (Figure 1.1)  as pa r t  of 
the eva lua t ion  of the s u i t a b i l i t y  of the bedded sa l t  i n  t h e  Szlado Forma- 
t i o n  f o r  i s o l a t i o n  of defense t r ansu ran ic  waste. S tud ie s  are performed i n  
accordance wi th  the Consul ta t ion and Cooperation Agreement between the 
U.S. Department of Energy and t h e  S t a t e  of New Mexico. E f f o r t s  have 
included reg iona l  and l o c a l  geologic ,  geochemical, and hydrogeologic 
charact eri za t ion .  Sandia National Laborator ies  is coordinat ing the  

hydrogeologic s tud ies .  on behalf of the Department of Energy. This report 
r ep resen t s  a summary of work conducted to date on developing a ground- 
water model f o r  t he  Culebra Dolomite Member of the  Rus t l e r  Formation on a 
regional  scale around the  WIPP site. This work w a s  performed by I N T E R A  

Technologies under con t r ac t  t o  Sandia National Laborator ies .  

The Culebra dolomite is t h e  most t ransmiss ive ,  l a te ra l ly-cont inuous ,  
hydrogeologic u n i t  above t h e  Salado Formation. It is considered t p  be the  

p r inc ipa l  pathway f o r  rad ionucl ide  t r a n s p o r t  i n  t he  subsur face  should an 
acc identa l  breach of the  r epos i to ry  occur .  This  s tudy  focuses  on the 
s imulat ion of ground-water flow wi th in  t h e  Culebra.  

A f i n i t e - d i f f e r e n c e  model based on the  hydrogeologic data base as of 
approximately November 1987 is used to  calculate t h e  undisturbed and 

t r a n s i e n t  equivalent  freshwater head d i s t r i b u t i o n s  at t h e  s i t e .  The 

undisturbed heads represent  the hydrologic  condi t ions  pr ior  t o  the 

cons t ruc t ion  of the shaf t s  at the  WIPP s i t e  i n  1981. The t r a n s i e n t  heads 

were generated from several hydrologic  tests inc luding  two reg iona l  pump- 
ing  tests. The effects of the  WIPP shaf ts  upon t h e  hydrologic  environment 
are a l s o  presented. Th i s  s tudy  is an update of the  model presented by 

Haug e t  a l .  (1987) and includes an extended model area and an expanded 
data base. 
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The conclusions der ived from t h i s  s tudy and the i r  s ign i f i cance  t o  the WIPP 

project are presented i n  Sect ion 6.0. The r e s u l t s  are intended to' provide 
add i t iona l  information f o r  the cha rac t e r i za t ion  of the  WIPP s i te ,  and t o  
support  t he  eva lua t ion  of t h e  s u i t a b i l i t y  of the s i te  f o r  d i sposa l  of 
defense t r ansu ran ic  waste. 

1 . 1  Object ives  

The ob jec t ives  of t h i s  repor t  are t o :  

( 1  ) dGcument t h e  hydrogeologic data base f o r  t h e  Culebra at the WIPP 

si te ( inc luding  Culebra e l eva t ions ,  t r a n s m i s s i v i t i e s ,  s t o r a t i v i -  
ti es , format ion- f l u i  d densi t ies  , undi s t u r  bed e qui va len t  freshwater 
heads,  and hydro log ic  stresses d u r i n g  the per iod 15181 -1 987) ; 

(2) continue t h e  developnent of a conceptua l iza t ion  and modeling 
s t r a t e g y  f o r  descr ib ing  ground-water flow i n  the  Culebra; and 

(3) present  the c a l i b r a t i o n  approach and r e s u l t s  for  s imulat  ing ground- 
water flow i n  t he  Culebra under undisturbed hydl-aulic condi t ions  
and under t r a n s i e n t  condi t ions  (1981 t o  1987) r e s u l t i n g  from shaft  

a c t i v i t i e s  and well tests ( i n  p a r t i c u l a r ,  two long-term pumping 
tests a t  H-3 and WIPP-13).  

The spa t ia l  scale for  t h e  numerical model u t i l i z e d  i n  t h i s  s tudy  w a s  
chosen t o  allow a q u a n t i t a t i v e  eva lua t ion  of the  H-3 and WIPP-13 

multipad pumping tests and t o  allow an assessment of ground-water flow 
i n  t h e  Culebra at t h e  WIPP s i t e  i n  a region of i n t e r e s t  f o r  future  
performance-assessment ca l cu la t ions  and eva lua t ions .  As such,  i t  

encompasses t he  WIPP si te and its immediate surroundings.  The W I P P - s i t e  
boundary (also referred t o  as the Zone-3 boundary) is def ined approxi- 
mately by a four-mile  square as i l lustrated i n  Figure 1 . 1  and r ep resen t s  
t h e  boundary t o  t h e  accessible environment i n  t he  context  of 
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peyformance-assessment s t u d i e s .  The model is relatively detailed s i n c e  
i t  includes the area containing the  major i ty  of the a v a i l a b l e  monitoring 
and t e s t i n g  wells i n  t h i s  region. 

1.2 Other Modeling S tudies  of Ground-Water Flow i n  the Culebra Dolomite 

Several  modeling s t u d i e s  of ground-water flow at  the WIPP s i t e  have been 
conducted s ince  1978, wi th  particular emphasis on t h e  Permian Rustler 
Formation. These s t u d i e s  are presented i n :  

o F ina l  Environmental Impact Statement (FEIS),  U.S. DOE (1980) and 
WIPP Safety Analysis Report, U.S. DOE ( 1  981 ) ; 

o Cole and Bond ( 1980) ; 
o D'Appolonia Consulting ECngineers, Inc.  (1980);  
o Barr et a l .  (1983);  
o Haug et  a l .  (1987);  
o Niou and P ie t z  (1987);  
o Davies (1988).  

The approximate areal ex ten t  encompassed by these models is i l l u s t r a t e d  
i n  Figure 1.2. 

The hydrogeologic data base  a t  t h e  WIPP s i t e  has  been s i g n i f i c a n t l y  

expanded i n  the  period 1985-1987. Modeling s t u d i e s  before 1985 
u t i l i z e d  a smaller data base f o r  cha rac t e r i z ing  t h e  Culebra .  These 
earlier s t u d i e s ,  the  in te r im modeling report by Haug et a l .  (1987) 
which u t i l i z e d  the  data base up t o  mid-1986, and the recent  modeling 
s t u d i e s  by Niou and Pie tz  (1987) and Davies (1988) are discussed 
b r i e f l y  below. 

1.2.1 Modeling Studies Before 1985 

The modeling studies presented i n  t h e  F ina l  Environmental Impact 

0 
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Statement and the  WIPP Safe ty  Analysis Report (SAR) were conducted by 

INTERA dur ing  the  period 197'7-1980. The ob jec t ives  of these s t u d i e s  
were t o :  

check t h e  consis tency between var ious sets of hydrogeologic 
data; 

calculate the ex ten t  of v e r t i c a l  hydraul ic  corrmunication between 
var ious hydrologic u n i t s ;  

d e l i n e a t e  he te rogenei t ies  ( i . e . ,  spat ia l  v a r i a t i o n  of 
permeabi l i ty)  e x i s t i n g  w i t h i n  each geologic  formation; 

determine p o t e n t i a l s  and/or hydraul ic  conduc t iv i t i e s  i n  areas 
where data are lacking;  and 

determine boundary condi t ions  f o r  local scena r io  and nucl ide-  
t r a n s p o r t  modeling. 

hydrologic data base of the above-mentioned s t u d i e s  was obtained 
p r i n c i p a l l y  from Mercer and Orr ( 1  977) ,  which summarized data e x i s t i n g  
through February 1977, and from a d r a f t  USGS report. t o  Sandia National 

Laborator ies  containing t h e  results of well tests and p e m e a b i l i t y  
estimates a t  the WIPP s i t e .  The hydrogeologic units included i n  t h e  

modeling s t u d i e s  were the Rus t l e r  Formation (modeled as a s ing le  
hydrologic u n i t  ) , t he  shal low-dissolut ion zone along t h e  Rustler- 
Salado i n t e r f a c e  i n  Nash Draw (see Figure 1.21, the Delaware Mountain 
Group, t h e  Capitan Reef, t h e  Salado Formation, and t h e  Casti le 
Formation. 

Cole and Bond (1980) conducted a benchmark check of the modeling 
s t u d i e s  done by INTERA f o r  t h e  FEIS. The Cclle and Bond s tudy ,  
performed on behalf  of t he  Office of Nuclear Waste I s o l a t i o n  ( O N N I ) ,  
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u t i l i z e d  the same d a t a  and conceptual model for its assessments.  The 

numerical model they  used, denoted VTT, is a two-dimensional 
mu l t i l aye r  model which so lves  the Boussinesque equa t ions  f o r  ground- 
water flow and allows hydrau l i c  canmunication between l a y e r s  wi th  an 
in t e raqu i f  er t r a n s f e r  c o e f f i c i e n t  . ?he r e s u l t s  of t he i r  modeling 
s t u d i e s  showed a very c lose  correspondence t o  r e s u l t s  obtained us ing  
the INTERA model. 

D' Appolonia Consulting Engineers, Inc.  ( 1  980) conducted modeling 
s t u d i e s  of t h e  WIPP si te  wi th  t h e  o b j e c t i v e s  of: 

( 1 )  v e r i f y i n g  the  basic c a l c u l a t i o n a l  procedures implemented by 
INTERA i n  the  SAR f o r  the ana lyses  of breach and t r a n s p o r t  
events  ; 

(2)  e v a l u a t i n g  the s e n s i t i v i t y  of the r e s u l t s  t o  basic hydrogeologic 
and geochemical parameters and source-term i n p u t s ;  and 

(3)  reviewing the data base used t o  d e f i n e  t he  inpu t  parameters. 

I n  t h e i r  s t u d i e s ,  the  Rus t l e r  Formation and t h e  Bell Canyon a q u i f e r  
were modeled i n d i v i d u a l l y  w i t h  separate model g r i d s  and simulations. 

Overa l l ,  their r e s u l t s  and conclusions were c o n s i s t e n t  with the 
previous ly  conducted s t u d i e s .  

The model developed by Barr et a l .  (1983) had t h e  p r i n c i p a l  o b j e c t i v e s  
of :  

( 1 )  s imula t ing  the  freshwater p o t e n t i a l  surfaces f o r  t h e  Magenta ai?d 

Culebra dolomites;  and 

(2) es t ima t ing  rates and e x t e n t s  of migration of i d e a l l y  nonsorbifig 
contaminants i n j e c t e d  continuously i n t o  t h e  Culebra and Magenta 
dolomites without d i s t u r b i n g  the  calculated head d i s t r i b u t i o n .  
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The model area w a s  selected t o  include the major i ty  of' hydrologic 
wells and most of Nash Draw. The Culebra and Magenta dollomites were 
modeled separately using an a n i s o t r o p i c  two-dimensional model, 
ISOQUAD. The hydrogeologic data base cons is ted  pr imar i ly  of 
Mercer (1983) and Gonzalez (1983 a , b ) .  Travel times allmg selected 
s t reaml ines  were presented. Resul t s  of t h i s  effort  ind ica ted  slower 
ground-water movement than  presented i n  previous reports. 

I 

1.2.2 In te r im Report by Haug e t  a l .  (1987) 

I n  1986, INTERA began new modeling s t u d i e s  of the Culebra dolomite 
(Haug e t  a l . ,  1987). The o b j e c t i v e s  included: 

( 1 )  evalua t ing  the H-3 multipad pumping tes t  conducted i n  l a te  1985 
and e a r l y  1986; and 

( 2 )  s imula t ing  ground-water flow i n  t h e  Culebra dolomite a t  t h e  WIPP 

s i te .  This was meant t o  be a first s t e p  toward a reg iona l  model 
capable of s imula t ing  ground-water flow and t r anspor t  a t  the 

WIPP s i te  and its surroundings.  

INTERA's  e f f o r t s  resulted i n  a s ing le - l aye r  model of the Culebra 
dolomite with an area of 12.24 x 11.7 km. SWIFT 111, a three- 
dimensional f i n i t e - d i f f e r e n c e  code with v a r i a b l e  f l u i d  d e n s i t y  and 
double-porosity formulat ion,  was used i n  t h e  s tudy.  The model w a s  

calibrated t o  t h e  b e s t  estimate of the  undisturbed freshwater heads 

(Figure 1 .3)  and t he  b e s t  estimate of the  present-day formation-water 
d e n s i t i e s  (F igure  1 .4). 

The hydrogeology i n  the Culebra dolomite w a s  modeled i n  two s t e p s :  
( 1  ) steady-state modeling of the best estimate of t h e  undisturbed 
nydraul ic  condi t ions ,  and ( 2 )  t r a n s i e n t  modeling of the  hydrogeologic 
condi t ions  r e s u l t i n g  from excavat ing three shafts a t  the cen te r  of the 
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WIPP s i t e  and conducting s e v e r a l  hydraul ic  tests. The s tudy  developed 
a Culebra ground-water flow model using the data base a v a i l a b l e  as of 

approximately mid-1 986. The t r a n s m i s s i v i t i e s  of t h e  calibrated 
steady-state model, the model-calculated freshwater heads, the 

d i f f e rence  p l o t  between ca l cu la t ed  and observed freshwater heads, t h e  
model-calculated formation-water d e n s i t i e s ,  and the d i f f e rence  p l o t  
between calculated and observed formation-water d e n s i t i e s  are shown i n  
Figures 1.5, 1 .6 ,  1 .7 ,  1.8, and 1.9,  r e spec t ive ly .  The t r a n s i e n t  
s imulat ions provided good comparisons between model-calculated and 
observed freshwater-head histories using the t r ansmiss iv i ty  
d i s t r i b u t i o n  fo r  the  calibrated s t eady- s t a t e  model. 

Haug et a1.(1987) developed the  following main conclusions: 

The steady-state model can be calibrated a g a i n s t  t h e  best 

estimate of the  undisturbed heads. 

The hydraul ic  system (heads and flow d i r e c t i o n s )  i n  t h e  Culebra 
dolomite can be simulated as a t  steady-state consider ing a time 
period of seve ra l  years. 

The calibrated t r ansmiss iv i ty  d i s t r i b u t i o n  is charac te r ized  by a 

large area of low t r a n s m i s s i v i t i e s  (less than m 2 / s >  near  
the center of the s i te  ( inc lud ing  wells H-1, H-2, WIPP-12, 

WIPP-18, WIPP-19, WIPP-21, and WIPP-22, P-18, and H-5 and t h e  

WIPP-shaft area). 

Ca l ib ra t ion  of the model requires a higher  t r ansmiss iv i ty  zone 
South of H-I 1 /DOE-1. 

"he calibrated model shows two main flow paths :  

( a )  

( b )  

from nor th  t o  sou th  along the western boundary, and 

across the WIPP s i te  t o  the  south-southeast  
(WIPP-13 t o  H-1 t o  H-3 t o  DOE-1 t o  H-11 t o  sou th )  
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Cal ib ra t ion  of the steady-state model aga ins t  che best estimate 
of the ground-water densit ies is d i f f i c u l t .  Regions of low 
s a l i n i t y  (1 .0  t o  1.02 g/cm ) e x i s t  hydrau l i ca l ly  down-gradient 
from regions of i n t enned ia t e  s a l i n i t y  (1 .04  g/cm ) . The ground- 
water dens i ty  d i s t r i b u t i o n  i n  t h e  Culebra dolomite is probably 
not  a t  steady state a t  present .  

3 
3 

The model-calculated ground-water dens i ty  d i s t r i b u t i o n  is h ighly  
s e n s i t i v e  t o  v e r t i c a l  f l u x  i n t o  the  Culebra. 

The shaft  excavations and subsequent leakage of ground water 
i n t o  the  shafts caused s i g n i f i c a n t  hydraul ic  stress on the 
Culebra dolomite s i n c e  1381. 

The t r a n s i e n t  s imula t ions  fo r  hydraul ic  stresses a t  t h e  shafts 

and the H-2, H-3, and H-4 hydropads r e s u l t e d  i n  gene ra l ly  good 
agreement between model-calculated and observed f reshwater-head 
h i s t o r i e s .  

(10) A t  the model scale, the implemented t ransient ,  processes can be 

adequately simulated using a s i n g l e - p w o s i t y  approach 
(equiva len t  porous medium). 

1 .2 .3  Other Recent Modeling S tudies  

Niou and P ie t z  (1987) presented a modeling s t u d y  O F  the H-3 inultipad 
pumping test using a two-dimensional ground-water inverse code known 
as INVERT. The model uses a maximum-likelihood framework coupled wi th  

a flow model based on f in i te -e lement  techniques t o  c a l c u l a t e  t he  

formation parameters ( t r a n s m i s s i v i t y  and s t o r a t i v i t y )  from the  

observed t r a n s i e n t  responses i n  t h e  observa t ion  we1 1s. The ob jec t ives  
of t h e i r  i nves t iga t ion  were (Niou and P i e t z ,  1987):  
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Character ize  t h e  Culebra dolomite t o  t h e  e x t e n t  the data permit 
by ass igning  regional ized values of t r ansmiss iv i ty  and 
s t o r a t i v i t y  a long w i t h  a s soc ia t ed  u n c e r t a i n t i e s ;  
Compare model results with o the r  modeling s t u d i e s  f o r  t h e  
purpose of cor robora t ion ;  and 

Judge the s u i t a b i l i t y  of the  approach for f u t u r e  work .  

model parameters were defined as constant  over var ious subregions 
with best estimates determined as those t h a t  y i e l d  the  best match 
between observed and calculated drawdowns dur ing  the H-3 m u l t i p a d  

pumping test. The model u t i l i z e d  the t r a n s m i s s i v i t y  data base 
presented i n  Barr e t  a l .  (1983) t o  de f ine  the zoning p a t t e r n s .  The 

model area w a s  12 x 12  km centered on the H-3 hydropad. 

The p r inc ipa l  f ind ings  of t h i s  s t u d y  may be summarized as fol lows 
(Niou and P ie t z ,  1987): 

The results show a h igh- t ransmiss iv i ty  zone or  fracture zone 
running from H-3 t o  DOE-1 and H - 1 1 ,  another  h igh- t ransmiss iv i ty  
or fracture zone running south  from H-3 t o  P-17, which may be an 
extens ion  of t h e  DOE-l/H-ll zone, and a zone of h i g h  

t r ansmiss iv i ty  around t h e  shafts t h a t  inc ludes  WIPP-21 t o  t h e  

north.  The assignment of t h e  lat ter zone is less c e r t a i n  
because of the  a t y p i c a l  recovery curves for WIPP-21 and WIPP-22. 

The t r a n s m i s s i v i t y  ranges ca lcu la ted  by INVERT gene ra l ly  agree 
w i t h  t h e  modeling s tudy  by Haug e t  a l .  (1987) us ing  SWIFT 11, 
wi th  the  except ion of the  area between H-3 and t h e  Waste 

Handling Sha f t ,  where INVERT pos tu l a t ed  a h i g h - t r a n s m i s s i v i t y  

zone OH t n e  basis of t h e  responses a t  WIPP-21 and WIPP-22. 

Major d i f f i c u l t i e s  i n  t h e  u t i l i t y  of the inve r se  model were t h e  

lack of reliable estimates of the  u n c e r t a i n t i e s  i n  t h e  p r i o r  
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determinations (e.g., transmissivities) and the inability to 
assign uncertainties to the observed water-level data because of 
the complex prepumping trends. 

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

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

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

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

( 4 )  Vertical flux is a possible source of fluid for the Culebra. 
The sensitivity of the calculated steady-state heads to vertical 
flux is higher in the eastern part of the model area than in the 
west ern. 

n 
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brs 1 . 3  Present Approach t o  Modeling of Ground-Water Flow i n  t he  Culebra 
Dolomite 

The modeling s t u d i e s  presented i n  t h i s  r epor t  are a cont inua t ion  of the 
work reported i n  Haug e t  al. ( 1  987). However, the  model area has been 
considerably en larged  i n  order t o  allow s imula t ion  of ground-water flow 
on a more reg iona l  scale and to  e v a l u a t e  t he  long-term pumping tes t  at 
WIPP-13 (referred t o  as t h e  nor thern  multipad pumping tes t ) .  

The enlarged model area is i l lustrated i n  Figure 1.2.  The model 
boundaries were chosen at  distances s u f f i c i e n t l y  far from both t h e  H-3 
hydropad and the WIPP-13 borehole so as not  t o  be wi th in  t h e  reg ion  
affected by the pumping a t  both locations. 

The modeling methodology cons i s t ed  of t h e  fol lowing s t e p s :  

( 1 )  developing and documenting the  hydrogeologic data base ( i . e .  , 
Culebra th icknesses ,  e l eva t ions ,  t r a n s m i s s i v i t i e s ,  s t o r a t i v i t i e s ,  
equiva len t  freshwater heads, f l u i d  d e n s i t i e s ,  and hydrologic 

impacts of t h e  shafts and hydrau l i c - t e s t ing  a c t i v i t i e s )  ; 

(2) employing geostatistical techniques (e .g . ,  k r ig ing )  t o  analyze and 
r econc i l e  t he  f i e l d  data as w e l l  as t o  suppor t  the  implementation 
and c a l i b r a t i o n  of the model; 

(3)  s imula t ing  steady-state flow under undis turbed hydrologic  condi- 
t i o n s  ( i . e . ,  before excavat ion of the f irst  shaf t ) .  S t a r t i n g  with 
t h e  i n i t i a l  parameter d i s t r i b u t i o n  obtained by k r ig ing  techniques,  
the model is calibrated such that the d i f f e r e n c e  between the  

ca l cu la t ed  freshwater heads and the best estimate of the observed 
freshwater heads is less than  t h e  unce r t a in ty  associated with the 

observed va lues  ; and 

Gs 
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(4) simulat ing the t r a n s i e n t  response i n  the Culebra dolomite, dur ing  
the period 1981 t o  1987, r e s u l t i n g  from the excavation and s e a l i n g  
a c t i v i t i e s  of the WIPP shafts and the  major hydraul ic  and tracer- 
t e s t i n g  a c t i v i t i e s  of the r eg iona l  hydrologic cha rac t e r i za t ion  
program. The t r a n s i e n t  model u t i l i z e s  the  pressures  and b r i n e  
concent ra t ions  of t h e  c a l i b r a t e d  steady-state model as i n i t i a l  
condi t ions.  The calculated t r a n s i e n t  freshwater heads are 
compared t o  the  observed t r a n s i e n t  freshwater heads f o r  se l ec t ed  
boreholes.  

This study is a second in t e r im  s t e p  towards a comprehensive modeling 
s tudy  cha rac t e r i z ing  the  r eg iona l  hydrogeology of t h e  Culebra dolomi te  
of the Rustler Formation a t  the WIPP si te.  The next s t e p  w i l l  incor- 
po ra t e  the r e s u l t s  of the t r a n s i e n t  effects due t o  the pumping dur ing  a 
tracer tes t  a t  the H-11 hydropad and the t r a n s i e n t  effects due t o  the  

cons t ruc t ion  of t h e  f o u r t h  shaft a t  the  WIPP s i te .  Improvement of the 

agreement between t h e  observed and the ca l cu la t ed  t r a n s i e n t  f reshwater  
heads by a d d i t i o n a l  c a l i b r a t i o n  efforts is also planned. I n  a d d i t i o n ,  
a d j o i n t - s e n s i t i v i t y  techniques w i l l  provide q u a n t i t a t i v e  e s t ima tes  of 
s e n s i t i v i t i e s  of t he  model r e s u l t s  t o  t h e  spatial d i s t r i b u t i o n  of t h e  

model parameters and the  boundary condi t ions .  The f i n a l  report is 
planned t o  be i ssued  i n  early 1989. 
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2.0  SITE CHARACTERIZATION 

2.1 General 

The WIPP s i t e  l i e s  wi th in  the geologic  region known as the  Delaware 

Basin and s p e c i f i c a l l y  within the geographic region known as 
Los Medafios. Both the Delaware Basin and Los Medafios region occur 
within the  southern s e c t i o n  of the  Pecos River po r t ion  of t h e  Great 
P l a ins  Fhysiographic Province. Los Medafios is a reg ion  of gent ly  
s lop ing  t e r r a i n  which rises eastward from the Pecos River t o  the western 
caprock of the Llano Estacado, loca ted  approximately 40 km t o  the  north- 
east of the WIPP s i t e  (Mercer, 1983). 

2.2 Stratigraphy 

The fol lowing s t r a t i g r a p h i c  summary is l i m i t e d  t o  a d iscuss ion  of those 
sedimentary u n i t s  which crop ou t  i n  and around the  WIPP s i t e .  These 

formations range i n  age from Permian t o  Quaternary as shown i n  the 

geologic  column i l lustrated i n  Figure 2.1. The Delaware Mountain Group 
represents  the  Permian Guadalupian Series and is  composed of a sequence 
of f ine-grained c l a s t i c  rocks.  I n  the WIPP a r e a ,  t h e  Delaware Mountain 
Group c o n s i s t s  of t h e  Brushy Canyon, Cherry Canyon, and B e l l  Canyon 

Formations. The Bell Canyon c o n s i s t s  of interbedded sandstone and sha le  
which represent  t h e  fore-reef  facies of a massive Permian reef known as 
t h e  Capitan Limestone. The Ochoan Series rocks o v e r l i e  t h e  Guadaliipian 
Series and conta in  a t h i c k  e v a p o r i t i c  sequence which accumulated i n  t h e  

Delaware Basin during Permian time. The Castile Formation is t h e  basal 

formation of the  Ochoan Series and is  composed p r i n c i p a l l y  of anhydr i te  
and hal i te  with scme carbonates  and sandstones.  Overlying t h e  Castile 

is the Salado Formation, which is composed of t h i c k  beds of h a l i t e  
interbedded wi th  anhydr i t e ,  p o l y h a l i t e ,  dolomite, and clay. More 
complete desc r ip t ions  of the  Salado Formation are found i n  Jones (1973, 
1975).  Overlying t h e  Salado Formation is t h e  Rustler Formation, which 

is the  most water-transmissive formation i n  the  area (Mercer, 1983).  
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The R u s t l e r  Formation has been d iv ided  i n t o  f i v e  separate rnembers based 

upon l i t ho logy  (Vine, 1963). They are i n  ascending order: ( 1 )  the 

unnamed lower member composed of  massive s i l t s t o n e  ove r l a in  by beds of 
h a l i t e ,  s i l t s t o n e ,  and anhydr i t e ;  ( 2 )  the  Culebra Dolomite Member; (3 )  
the Tamar i sk  Member composed of two zones of massive t o  bedded anhydr i te  
separated by a thick sequence of hal i te  and s i l t s t o n e s ;  ( 4 )  the  Magenta 
Dolomite Member; and (5) the Forty-niner Member composed of two thick 

anhydr i te  zones separa ted  by a s i l t y - h a l i t e  u n i t ,  as i n  the Tamarisk. 
The Rus t le r  Formation l i thology presented above ret3resents the 

l i thological  succession encountered i n  borehole P-18 which Snyder ( 1  985) 
be l ieves  to  be a complete unal te red  s e c t i o n .  The Rust.ler l i t h o l o g y  
v a r i e s  ac ross  t h e  model area. Fur the r  d i scuss ion  of t h i s  v a r i a b i l i t y  is 
contained i n  Sec t ion  2.4. The Rus t le r  Formation is confonriably ove r l a in  
by the  Upper Permian Dewey L a k e  Red Beds, a series of interbedded silt- 

s tones  and sandstones.  These beds have prevalent  v e r t i c a l  f r a c t u r e s  
which are gene ra l ly  gypsum f i l l e d .  

I n  t h e  e a s t e r n  por t ion  of the  WIPP s i t e ,  the Dewey Lake Red Beds are 
unconformably ove r l a in  by a Triassic c las t ic  sequence deposi ted i n  a 
t r a n s i t i o n a l  depos i t i ona l  complex of f l u v i a l ,  deltaic,  and  l a c u s t r i n e  
environments. These u n i t s  are c o l l e c t i v e l y  referred t o  as t h e  Dockum 
Group. 

Overlying the Dockum Group, where p resen t ,  and the  Dewey Lake Red Beds 

i n  t h e  WIPP si te area is a sequence of poorly s o r t e d  con t inen ta l  
deposits of Quar te rnary  Age. mese are, i n  ascending o r d e r ,  the GatuEa 
Formation, the Mescalero c a l i c h e ,  and recent  a l luv i lm and o t h e r  
surficial  deposits. '  The Gatun-a Formation c o n s i s t s  of a sequence of pale 

reddish-brown terrestrial  sandstones and conglomerates which were l a i d  

down after a maximum cycle of e ros ion  wi th in  the Peco: River Valley 
during a much more humid p luv ia l  time (Bachman, 1980). I z e t t e  and 
Wilcox (1982) dated an ash bed i n  the upper por t ion  of the  Catufia as  
middle P le i s tocene  (600,000 years before present  (B.  P . ) )  by mineralogy 
and f i s s i o n - t r a c k  da t ing .  
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Overlying the CatuEa Formation is the  Mescalero ca l i che  which is a 
pedogenic ca l i che  formed i n  the C horizon of a paleosoil during a 
t e c t o n i c a l l y  and climatically stable per iod fol lowing the depos i t ion  of 
the Gatuia Formation (Bachman, 1980). The Mescalero caliche has been 
dated as being Pleis tocene (51 0,000-41 0,000 years B. P.) through uranium- 
series d isequi l ibr ium techniques (Bachman, 1980). Overlying the caliche 
is a series of Holocene s u r f i c i a l  deposits which c o n s i s t  of sheetlike 
depos i t s  of s u r f a c e  sand,  sand s o i l ,  and sand dunes. 

2.3 Regional Hydrogeology 

In t h i s  report, the d iscuss ion  of the reg iona l  hydrogeology w i l l  be 
l i m i t e d  t o  the  Rus t l e r  Formation and the uppermost Salado Formation. 
The hydrogeology of the  ind iv idua l  hydrostratigraphic u n i t s  w i l l  be 

discussed i n  ascending order from t h e  Rustler-Salad0 contac t .  

The Rustler-Salad0 contac t  residuum is transmissive i n  sane areas around 
t h e  WIPP si te (Mercer, 1983). I n  Nash Draw and areas immediately west 
of the WIPP s i te ,  t h e  contac t  e x i s t s  as a d i s s o l u t i o n  residue capable of 
transmi t t i n g  water. Robinson and Lang ( 1  938) referred t o  t h i s  residuum 
making u p  t h e  contac t  as the  "br ine  aqui fe r" .  As one moves eastward 
from Nash Draw toward the Livingston Ridge s u r f a c e ,  d i s s o l u t i o n  i n  the  
Uppermost Salado, a t  t h e  Rustler-Salad0 contact, and w i t h i n  t h e  unnamed 
lower member of t h e  Rustler Formation decreases and t h e  t r a n s m i s s i v i t y  
of t h i s  i n t e r v a l  decreases. Transmiss iv i t ies  for  the Rustler-Salad0 
residuum range frcm 2 x 10-l' t o  9 x m 2 / s  i n  Nash Draw and from 
3 x lo- ' '  t o  5 x m 2 / s  eastward from Livingston Ridge (Mercer, 
1983). A t  well DOE-2, Beauheim (1986) attempted a s l u g  tes t  on the  

unnamed member and t h e  Rustler-Salado contac t  and found t h a t  t h e  

permeabi l i ty  i n  t h i s  i n t e r v a l  was too low t o  be tested e f f e c t i v e l y .  In  
t h e  waste-handling sha f t ,  no water inflows from t h i s  i n t e r v a l  were 
observed du r ing  excavation and s h a f t  mapping (Holt and Powers, 1984).  
A t  H-16, Beauheim (1987b) performed d r i l l - s t e m  tests of a 34-m i n t e r v a l  

0 
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including the unnamed-lower-member s i l t s t o n e  and t h e  Rustler-Salad0 
contac t ,  and reported the t r ansmiss iv i ty  of t h i s  i n t e r v a l  t o  be about 
3 x 10-10 m2/s. 

The Culebra dolomite is considered t o  be the  most t ransmissive 
hydrogeologic u n i t  i n  the WIPP-si t e  area. Mercer ( 1 983) describes 
ground-water flow wi th in  t he  Culebra as being sou the r ly  i n  Nash Draw and 
south  t o  southwester ly  beneath the  Livingston Ridge :jurface. Reported 
values f o r  t r ansmiss iv i ty  i n  t h e  Culebra i n  t he  N a s r l  Draw area range 
frcm 2 x 1 0-5 t o  1 x 1 0-3 m 2 / s  (Mercer, 1983). Within the model a r e a ,  
t he  t r a n s m i s s i v i t i e s  range from 1 x t o  1 x lo-:! m2/s. Hydraulic, 

g rad ien t s  i n  the Culebra at the  WIPP s i te  gene ra l ly  range frm 
1 x 10-3 m/m t o  4 x 10-3 m/m (Mercer, 1983). A s  a genera l  t r e n d ,  to ta l  
d i s so lved  s o l i d s  i n  Culebra  ground waters i n c r e a s e  from west t o  east 

across the WIPP s i t e  and t h e  model area. 

The Tamar isk  Member of the  Rus t l e r  s epa ra t e s  t h e  Culebra dolomite frm 
the Magenta, and is composed of a t h i c k  sequence of' hali te and si l t-  
s tones  sandwiched between an upper and lower anhydr i te .  The Tamar i sk  
c laystone sequence has been tested a t  wells H-14 and H-16 (Beauheim, 
1987b) and a t  DOE-2 (Beauheim, 1986).  I n  all cases  the hydraul ic  
t e s t i n g  fa i led  due t o  t h e  extremely low permeabil.ity of the  u n i t .  
Mercer (1983) repor ted  t h a t  i n  a few cases a r g i l l a c e o u s  zones wi th in  t h e  

Tamarisk Member have produced water a t  equiva len t  rates t o  the  Magenta 
upon t e s t i n g .  

Ground water i n  the Magenta dolomite gene ra l ly  flows from t h e  nor th  
toward t h e  westsouthwest (Mercer, 1983).  I n  most areas east of Nash 

Draw, and east and south of the H-6 hydropad, t h e  Magenta exists as a 
confined system with very low t r ansmiss iv i ty  ( l e s s  than o r  equal  t o  
4 x m2/s). The d i f f e r e n c e  between Magenta and Culebra hydrau l i c  

p o t e n t i a l s  genera l ly  increases  eastward, wi th  the  Magenta having higher 

po ten t i a l s .  I n  areas of Nash Draw, t h e  Magenta is gene ra l ly  a t  water- 
table condi t ions  and may have a s t ronge r  hydraul ic  connection t o  o t h e r  
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u n i t s  i n  t h e  Rustler Formation. In  other p a r t s  of Nash Draw, t h e  

Magenta is unsaturated.  Magenta t r a n s m i s s i v i t i e s  range as high as 
4 . x  t o  6 x m 2 / s  immediately e a s t  of Nash Draw. 

The uppermost member of the  Rus t l e r  Formation, the  Forty-niner  Member, 
has c lays tones  which are gene ra l ly  more t ransmissive than those i n  t h e  

Tamar i sk  Member. A t  well H-14, Beauheim ( 1  987b) performed d r i l l - s t em 

tests upon t h e  Forty-niner and determined that  t r a n s m i s s i v i t i e s  were 
approximately an order  of magnitude higher than i n  the Magenta a t  H - 1 4 .  
The average value of t r ansmiss iv i ty  ca l cu la t ed  f o r  t h e  Forty-niner was 

8 2  6 x 10- m /s a s  opposed t o  6 x lo-’ m 2 / s  f o r  t h e  Magenta. Beauheim 
(1986) a l s o  t e s t e d  the Forty-niner c lays tone  i n  well DOE-2. Here aga in  
he ca l cu la t ed  s l i g h t l y  higher t r a n s m i s s i v i t i e s  f o r  the Forty-niner 
c laystone than  f o r  the  Magenta. The average of the  two t r a n s m i s s i v i t i e s  
of t h e  Forty-niner reported by Beauheim (1986) f o r  DOE-2 is 7 .3  x 
m 1s.  Drill-stem tests of the Forty-niner c lays tone  a t  H-16 provided a 

t r ansmiss iv i ty  estimate of about 6 x m2/s, lower than  t h a t  of the  

Magenta a t  H-16 (Beauheim, 1987b). 

2 

Although t h e  Rustler-Salad0 residuum, the  Culebra Dolomite Member, and 
t h e  Magenta Dolomite Member are gene ra l ly  found t o  be the  pr imary t r ans -  
miss ive  units w i t h i n  the Rustler, zones of r e l a t i v e l y  h igh  t r a n s m i s s i v -  

i t y  have been tested l o c a l l y  i n  t h e  Rustler Formation o u t s i d e  of these 
horizons.  In a few cases, discrete a rg i l l aceous  zones wi th in  t h e  Forty- 
n ine r  Member and t h e  Tamar isk  Member have produced water a t  equiva len t  
rates t o  t h e  Culebra o r  t h e  Magenta upon t e s t i n g  (Mercer and Orr, 1979; 
Beauheim, 1986). 

2.4 Regional Disso lu t ion  i n  t h e  Rustler Formation 

Post-deposi t i o n a l  d i s s o l u t i o n  wi th in  t h e  Rustler Formation i s  observed 
both a t  t h e  surface within Nash Draw, and i n  t h e  subsurface a t  t h e  WIPP 
s i t e  (Bachman, 1987).  Nash Draw, loca ted  immediately west of the  WIPP 
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s i t e ,  is a depression r e s u l t i n g  from both d i s s o l u t i o n  and eros ion .  In  
Nash Draw, members of the  Rustler are a c t i v e l y  undergoing d i s so lu t ion  
and l o c a l l y  con ta in  caves,  s i n k s ,  and tunne l s  t y p i c a l  of karst 
morphology i n  e v a p o r i t i c  t e r r ane .  Lowenstein ( 1  987) found evidence f o r  
s i g n i f i c a n t  pos t -depos i t iona l ,  l a t e - s t age  d i s s o l u t i o n  of the Rus t le r  at 
the WIPP si te based on a detailed sedimentologic and pz t ro log ic  core  
s tudy.  

Bachman (1980) i d e n t i f i e d  three types of d i s s o l u t i o n  occurr ing  i n  the 

Delaware Basin: local d i s s o l u t i o n ,  reg iona l  dissoluti lon,  and deep- 
sea ted  d i s so lu t ion .  O f  these, reg iona l  d i s s o l u t i o n  is  the type which 

has t h e  most p o t e n t i a l  to dictate or a l te r  the flow characteristics of 
the Rus t le r  Formation underlying the WIPP si te .  Regional d i s s o l u t i o n  
occur s  when chemica l ly  unsa tu ra t ed  water p e n e t r a t e s  t o  permeable beds, 

where i t  migrates l a t e r a l l y ,  d i s s o l v i n g  the soluble  unit .3 i t  con tac t s .  
On a reg iona l  scale, t h e  consequence of such d i s so lu t ion  appears  t o  be 
removal of highly s o l u b l e  rock types ,  such as hal i te ,  combined wi th  

displacement and f r a c t u r i n g  of over ly ing  rocks. 

Snyder (1  985) found evidence f o r  the  presence of an eastward-migrating 
d i s s o l u t i o n  f r o n t  within the Rus t l e r  Formation a t  t h e  WIPP s i te .  In  h i s  

s tudy ,  Snyder ( 1  985) concluded that  t h e  reg iona l  d i s s o l u t i o n  was 
greatest i n  t h e  west and decreased eastward evidenced by an inc rease  i n  
the number and th ickness  of hal i te  beds and a correspontding th ickening  
of t h e  Rus t l e r  Formation (F igure  2.2).  The s t r a t i g r a p h i c  l e v e l  of the 

uppermost occurrence of' salt  is i n  t h e  upper Rustler along the e a s t e r n  
margin of t h e  WIPP site. As one moves westward toward Nash Draw, the 

uppermost s a l t  is found i n  progress ive ly  deeper  horizons of t h e  Rustler. 
T h i s  impl ies  t h a t ,  as a genera l  t r end ,  t h e  eastward advancement of t he  

d i s so lu t ion  f r o n t  is g r e a t e s t  i n  t h e  upper Rustler and decreases  as one 
g e t s  nea re r  t o  t h e  Rustler-Salad0 contac t .  As t he  h a l i t e  u n i t s  are 
d isso lved ,  inso luble  res idues  remain, forming beds of mudstones, 
s i l t s t o n e s ,  and chaot ic  breccia wi th  a c l a y  matr ix .  As c:m be seen i n  a 
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c r o s s  s e c t i o n  taken between wells P-6, H-3, DOE-1, and P-18, 
(Figure 2.31, h a l i t e  beds tend t o  t h i n  and grade i n t o  residuum westward 
towards Nash Draw. 

G3 

Although most i n v e s t i g a t o r s  agree wi th  t h e  i n t e r p r e t a t i o n  tha t  a 
d i s so lu t ion  zone e x i s t s  i n  t he  Rustler Formation a t  the  WIPP s i te  
(Cooper and Glanman, 1971 ; Powers et a l . ,  1978; Mercer, 1983; 
Chaturvedi and Rehfeldt ,  1984; Bachman, 1985; and Snyder, 19851, o t h e r  
i nves t iga to r s  oppose t h i s  concept and bel ieve  that  the  westward decrease 
of h a l i t e  within the  Rus t l e r  simply r ep resen t s  depos i t i ona l  limits 
(Powers and Holt, 1984; and Holt and Powers, 1984). From detailed 

mapping of t he  Rus t l e r  i n  t he  waste-handling sha f t ,  Holt and Powers 
(1  984) reported no post-deposi t ional  d i s s o l u t i o n  f e a t u r e s .  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 s tudy  w a s  t o  d i s t i n g u i s h  
between syndeposi t i o n a l  features and post-deposi t i o n a l  a l t e r a t i o n  
f e a t u r e s  wi th in  the  Rus t le r .  Lawenstein (1  987) could c o r r e l a t e  
s t r u c t u r e s ,  both syndeposi t ional  and post-deposi t i o n a l ,  over  the s t u d y  

area and concl-uded t h a t  facies changes were not  respons ib le  fo r  the  

westward decrease i n  h a l i t e  within t h e  Rus t l e r  i n  t he  s t u d y  area. 
Lowenstein ( 1  987) found evidence of late-stage a l t e r a t i o n  involving 
physical  processes  such as b recc ia t ion ,  slumping, f r a c t u r i n g ,  and 
f a u l t i n g ,  as w e l l  as chemical processes  such as r ehydra t ion  of a n h y d r i t e  

to  gypsum, p r e c i p i t a t i o n  of gypsum, and d i s s o l u t i o n  of h a l i t e ,  
anhydrite,  and gypsum. Thus, the s tudy  of Lowenstein suppor ts  the  

theory of a post-deposi t ional  d i s s o l u t i o n  of salt i n  t he  Rustler. 

Based upon observat ions of outcrops ,  core, and detailed shaf t  mapping, 
t h e  Culebra can be cha rac t e r i zed ,  a t  least local ly ,  as a f r ac tu red  
medium at t h e  WIPP s i t e  (Chaturvedi and Rehf'eldt, 1984; Holt and Powers, 
1984). As the  amount of f r a c t u r i n g  and development of secondary 
po ros i ty  inc reases ,  the Culebra t r ansmiss iv i ty  gene ra l ly  increases  
(Chaturvedi and Channell, 1985).  The f r a c t u r i n g  and development of 

0 
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secondary poros i ty  is thought t o  be a product of l a t e - s t age  a l t e r a t i o n  
and d i s so lu t ion  of the Rustler Formation. In  genera l ,  as the amount of 
the ha l i te  present  i n  the Rust ler  decreases, the t r ansmiss iv i ty  of the 

dolomitic members increases  as a r e s u l t  of hal i te  removal and subsequent 
foundering and co l lapse  of the more competent dolomit ic  members. 

While it is commonly accepted that reg iona l  d i s so lu t ion  has been an 
a c t i v e  process within the Rustler i n  the  p a s t ,  there i:; some controversy 
over whether t h i s  d i s s o l u t i o n  f r o n t  is still a c t i v e .  Within the last  
1.8 mi l l i on  years (P le i s tocene ) ,  the  climate i n  southeastern New Mexico 
has var ied between periods of co ld ,  moist continent.al  g l a c i a t i o n  t o  
r e l a t i v e l y  warm and arid per iods  (Bachman, 1987). In  Fliddle Pleis tocene 
t i m e ,  approximately 500,000 years B.P. ,  sou theas te rn  New Mexico received 
p r e c i p i t a t i o n  which well exceeded t h e  evapot ranspi ra t ion .  This period 
was followed by seve ra l  hundred thousand years of  a dr ier  climate. In 
la te  Pleis tocene time (approximately 75,000 t o  10,000 years B.P . )  

r a i n f a l l  was more preva len t  than today and temperatures were lower 
(Bachman, 1987). Bachman (1987) be l i eves  that most of the d i s s o l u t i o n  
i n  the Rus t le r  predates, or occurred dur ing ,  Middle Pleis tocene (Gatuna) 
time. However, he suggests  that d i s s o l u t i o n  is ongoing i n  Nash Draw and 
areas very c lose  t o  Livingston Ridge. Tflrough the i n t e r p r e t a t i o n  of 
radiocarbon data (Lambert, 1987) and stable i so topes  (Lambert and 
Harvey, 19871, Lambert has suggested that rechaqe and subsequent 
d i s so lu t ion  of the Rus t le r  ended after the  more p l u v i a l  Late Ple i s tocene  
(10,000 to  20,000 years B.P . ) .  

2.5 Implications of Rust ler  Ground-Water I so top ic  Studies 

Ground waters wi th in  the Rus t le r  have been evaluated based upon stable 
i so topes ,  uranium iso topes ,  and radiocarbon (Lambert and Harvey, 1987 ; 
Chapman, 1986; Lambert and Carter, 1987; and Lambert, 1987). There has 
been debate over whether or not  the Rus t le r ,  more specif ical ly  here the 

Culebra, is present ly  rece iv ing  s i g n i f i c a n t  recharge from meteoric 
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waters and i f  so, where the waters recharge and discharge.  This s e c t i o n  
w i l l  g ive a brief summary of the  f o u r  i s o t o p i c  s t u d i e s  (c i ted above) i n  
the context  of t he i r  impl ica t ions  f o r  a reg iona l  model of the Culebra 
dolomite. This summary is no t  meant t o  be a c r i t i q u e  and the re fo re  does 
not  address the  inherent  assumptions or v a l i d i t y  of these s t u d i e s .  

18 Lambert and Harvey ( 1  987) used 6D and d 0 of waters from the Rustler 
and modern sources  t o  determine i f  the  Rus t le r  ground water in f i l t r a t ed  
under similar c l imato logica l  condi t ions as are present  today i n  
Southeastern N e w  Mexico. Figure 2.4 p l o t s  s t ab le - i so tope  compositions 
f o r  t h e  Culebra and modern waters i n  dD/6 0 space (Lambert and Harvey, 
1987). In  t h i s  diagram one can see tha t  the modern su r face  waters and 
t h e  major i ty  of Culebra ground waters fall i n t o  two d i s t i n c t  and 
separate groups which l i e  wi th in  the meteoric f i e l d  as i t  is defined by 

Epstein e t  al. (1965; 1970) and Craig (1961). Tne two o u t l i e r s ,  

18 

Surprise Spring and WIPP-29, are thought t o  be contaminated from nearby 
potash-ref i n ing  opera t ions .  Lambert and Harvey ( 1  987) concluded t h a t ,  
because modern surface waters  and Culebra ground waters are d i s t i n c t  and 
apparent ly  not overlapping i n  dD/d 0 space, the  Rus t l e r  is not 
c u r r e n t l y  rece iv ing  s i g n i f i c a n t  modern recharge.  They be l ieve  t h a t  t h e  

Rustler hydraul ic  system is c u r r e n t l y  i n  a t r a n s i e n t  s ta te  wi th  
discharge exceeding recharge. 

18 

Chapman ( 1  986) i n t e r p r e t e d  s tab le- i so tope  data from the  R u s t l e r ,  t he  

Roswell Basin, Carlsbad Caverns, t h e  Oga l l a l a ,  t h e  Dewey Lake  Red Beds, 
the Santa  Rosa Sandstone, and t h e  Capitan Limestone. Chapman (1986) 
concluded t h a t  waters  i n  these formations i n  southeas te rn  N e w  Mexico 
were i s o t o p i c a l l y  similar and t h a t  a l l  were r ep resen ta t ive  of recharge 
occurr ing  under c l i m a t i c  condi t ions  similar t o  those e x i s t i n g  today. 
Contrary t o  Lambert and Harvey (1987),  the  s tudy  concludes t h a t  t he  

Culebra does not conta in  "fossi l  water" and t h a t  t h e  Cu leb ra  may be 

rece iv ing  present-day recharge. Chapman a l s o  states that  t h e  hydraul ics  
of t h e  Rus t le r  cannot be determined based upon the  i n t e r p r e t a t i o n  of 
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stable isotopes alone and tha t  many physical  ques t ions  concerning 
physical  hydrogeology of t h e  Rus t l e r  must be answered before  the problem 
of recharge can be defendably solved. 

Lambert and Carter ( 1  987) s tud ied  uranium-isotope systematics i n  ground 
waters from the Rus t l e r  Formation i n  t he  Northern Delaware Basin. They 

u t i l i z e d  uranium concent ra t ions  and 234U/238U a c t i v i t y  rztios t o  t r y  t o  
determine res idence  times, i s o l a t i o n  times, and t r a v e l  tilmes f o r  waters 
wi th in  the Rustler a q u i f e r s .  Lambert and Carter (1987) observed an 
increase  i n  to ta l  carbon from east t o  west and a decrease i n  a c t i v i t y  
ratio from east to west. According t o  theory, high a c t i v i t y  ratios 
evolve downgradient from areas of recharge. Lambert and Carter (1987) 
concluded tha t ,  i n  the l a s t  30,000 years, t h e  Culebra w a s  not  a t  steady- 
state condi t ions ,  n e i t h e r  hydrau l i ca l ly  or geochemically, and t ha t  there 

were three general  flow d i r e c t i o n s  wi th in  the Culebra.  The f i r s t  flow 
d i r e c t i o n  was eastward and represented  a recharge event  f?om t h e  west a t  
least  10,000 t o  30,000 yea r s  B. P. accounting for  the eastward inc rease  
i n  a c t i v i t y  ra t io .  The second flow d i r e c t i o n  was westward after t h e  

ces sa t ion  of recharge and accounts  f o r  the present  total-uranium 
systematics. The t h i r d  flow d i r e c t i o n  is the present  :southward t r end  
which i s  assumed t o  be recent  and of s h o r t  enough duratj-on t o  not  have 
altered t h e  uranium systematics. 

Lambert (1987) a lso s t u d i e d  t h e  f e a s i b i l i t y  of the use of 1 4 C  and o t h e r  
nuc l ides  f o r  their  p o t e n t i a l  i n  geochronologic a p p l i c a t i o n s  for  ground 
waters i n  the  Rustler Formation i n  southeas te rn  New Mexico. From the  

samples taken ,  no 36Cl  o r  s i g n i f i c a n t  concent ra t ions  of 3H were 
measured. He determined that t h e  major i ty  of the  samples taken were 
contaminated with respect to  "lC by m u l t i p l e  sources (e.@;., d r i l l i n g  
f l u i d ) .  For t h e  wells which appeared t o  be least  contaminated, percent  
modern carbon and 6 13 C were used with t h e  model of Evan:; e t  a l .  (1979) 
t o  calculate 1 4 C  ages. The results were 16,100 years B.P.  f o r  H-Qb, 
12,100 years B.P. f o r  H - ~ c ,  14,900 years B.P. f o r  H-gb, and 14,000 years 
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B.P. f o r  Pocket Well. Because the  condi t ions  necessary f o r  re l iable  age 
da t ing  may not  be satisfied f o r  t h e  a v a i l a b l e  water samples, Lambert 
(1987) proposes t o  i n t e r p r e t  these ages as minimum i s o l a t i o n  times and 
considers  t h i s  f u r t h e r  evidence that  the  Rus t l e r  is not  c u r r e n t l y  
rece iv ing  s i g n i f i c a n t  recharge a t  t h e  WIPP s i te .  
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3.0 MODEL CONCEPTUALIZATION 

3.1 General Approach 

For more than t en  years, numerous f i e l d  inves t iga t ions  a t  t h e  WIPP s i t e  
have focused on the  Rustler Formation i n  general. and t h e  Culebra 
Dolomite Member i n  particular.  The e x i s t i n g  data fo r  the Culebra  

include measurements of t r a n s m i s s i v i t i e s ,  s t o r a t i v i  t ies,  formation-f luid 
d e n s i t i e s ,  depths  t o  water, and pressures  from the  observation-well  
network. Construction a c t i v i t i e s  at  the WIPP s i t e ,  such as the 

excavation of the s h a f t s  a t  the  cen te r  of the  s i t e ,  have a l s o  provided 
h ydrogeologi c data. The majority of the hydrogeologic data are 
published i n  the fol lowing report series: 

1 basic data r e p o r t s  (borehole-specif  i c  r e p o r t s ,  e .e.,  Sandia 
National Laborator ies  and Univers i ty  of New Mexico, 1981 ) ; 

2) hydrologic  data r e p o r t s  (Hydro Geo Chem, 1985; INTERA and Hydro 
Geo Chem, 1985; INTERA, 1986; Sauln ier  et a l . ,  1987; Stensrud e t  

a l . ,  1987 and 1988);  

1986, 1987a ,b ,c ;  Sau ln ie r ,  1987);  and 

Mercer, 1983 ; Uhland e t  a l . ,  1987; Robinson, 1987). 

3) hydrogeologic i n t e r p r e t i v e  r e p o r t s  ( e  .g . ,  Mercer, 1983 ; Beauhein, 

4) water-quality data and geochemical i n t e r p r e t i v e  reports (e . g . ,  

The data base used f o r  t h i s  modeling s t u d y  and a complete l i s t i n g  of 

data sources  are presented i n  Appendices A through G. The appendices 
include separate data bases f o r  t r ansmiss iv i ty ,  s t o r a t i v i t y ,  formation- 
f l u i d  dens i ty ,  borehole l o c a t i o n s ,  sound-su r face  and Culebra 
e l eva t ions ,  and  freshwater heads. Each appendix has undergone 
s i g n i f i c a n t  i n t e r n a l  review and is considered t o  r ep resen t  the most 
current  information about t h e  s i t e .  
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The data base was used i n  conjunct ion w i t h  geostatistical methods t o  
a s s ign  t h e  i n i t i a l  hydrogeologic parameters t o  each g r i d  block i n  the 

model. These methods were a l s o  appl ied  t o  the undisturbed freshwater 
heads t o  o b t a i n  t h e  i n i t i a l  boundary condi t ions  f o r  the model. 
Ca l ib ra t ion  procedures a l so  u t i l i z e d  geostatistical methods t o  update 
t h e  s p a t i a l  d i s t r i b u t i o n  of hydrogeologic parameters i n  clrder t o  reduce 
the d i f f e rence  between ca l cu la t ed  and observed heads. 

The fol lowing s e c t i o n s  begin with a b r i e f  desc r ip t ion  of the computer 
code (SWIFT 11) used i n  t h i s  modeling s tudy .  More detailed d iscuss ions  
of t h e  data eva lua t ion  and a n a l y s i s  follow. A desc r ip t ion  of the basic 
model p rope r t i e s  (e .g . ,  boundaries, d i s c r e t i z a t i o n ,  phys ica l  parameters, 
boundary condi t ions ,  etc. ) is also included. 

3.2 M F T  I1 Code Descr ip t ion  

The - Sandia - Waste-Isolation - - Flow and - Transport  code, SWIFT 11, is  a f u l l y  
t r a n s i e n t ,  three-dimensional,  f i n i t e - d i f  fe rence  code which s o l v e s  the  
coupled equat ions  f o r  flow and t r a n s p o r t  i n  geologiIs media. ?he 

processes  considered are: 

- f l u i d  flow 
- heat t r a n s  po r t  
- 
- t r ace - spec ie s  miscible displacement 

dominant - spe ci  es m i  sc i b l e  d i  splacemen t 

Dmi nant - species miscible d i  splacement refers t o  b r  i ne migrat ion,  
whereas t r ace - spec ie s  miscible displacement a p p l i e s  t o  t h e  t r a n s p o r t  of 
s o l u t e s  at concent ra t ions  not s i g n i f i c a n t l y  a f f e c t i n g  the f lu id- f low 

parameters. This may include radionucl ide-chain transport. The f irst  
three processes are coupled v i a  po ros i ty ,  f l u i d  dens i ty ,  v i s c o s i t y  and 
enthalpy. Together they provide t h e  v e l o c i t y  f i e l d  on which t h e  f o u r t h  
process depends. 

A 
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The SWIFT I1 code is designed t o  s imula te  flow and t r anspor t  processes  
i n  both s ingle-  and double-porosity media. For fractured reg ions  of a 
system t o  which dua l  porosity is t o  be app l i ed ,  two sets of equat ions 
are solved,  one f o r  t h e  fracture processes and the  o t h e r  f o r  the 
matrix. The fracture-porosity equat ions descr ib ing  flcw and transport 
f o r  t h e  fractured reg ions  are i d e n t i c a l  t o  t h e  s ingle-poros i ty  equat ions 
for  the nonfractured zone, except  for  s i n k  terms g iv ing  the losses t o  
the  matrix.  These equat ions  are denoted as global equat ions.  The 

equations descr ib ing  the mat r ix  processes ,  referred t o  as the  local 
equat ions ,  d i f fer  somewhat from their global  counterpar t s  because they 
are one-dimensional . 

SWIFT I1 provides a steady-state s o l u t i o n  f o r  f l u i d  flow and b r ine  
migration. Because t h e  matrix processes are assumed t o  be n e g l i g i b l e  a t  
steady state,  t h e  s ta te  equat ions f o r  the matrix p o r o s i t y  are not  
solved. 

A t  h igh-level  nuclear-waste r e p o s i t o r i e s ,  heat t r anspor t  is b a s i c a l l y  a 
t r a n s i e n t  process.  Therefore, SWIFT I1 does n o t  feature a steady-state 
so lu t ion  f o r  heat t r a n s p o r t .  However, t h e  code w i l l  permit the  
t r a n s i e n t  s o l u t i o n  of rad ionucl ide  t r anspor t  (wi th  o r  without d u a l  

porosity) i n  conjunction w i t h  the steady-state s o l u t i o n  of f l u i d  flow 
and b r i n e  migra t ion .  Although t h e  model w a s  o r i g i n a l l y  developed fo r  
app l i ca t ions  related t o  radionucl ide transport, the a lgor i thms used can 

handle t h e  t r anspor t  of any trace species undergoing s o r p t i o n  o r  first- 

order  l o s s e s .  

A comprehensive desc r ip t ion  of the theory  and implementation of SWIFT I1 
is presented i n  Reeves et  a l .  (1986a).  Two o the r  documents related t o  
the SWIFT I1 code have been publ ished,  namely a data input  guide 
(Reeves et a l . ,  1986b1, and t h e  ve r i f i ca t ion -va l ida t ion  tests 
(Ward e t  a l . ,  1984). The steady-state and t r a n s i e n t  s imula t ions  
presented i n  t h i s  s t u d y  w i l l  employ the  s t eady- s t a t e  and t r a n s i e n t  flow 
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equat ions with va r i ab le  f l u i d  dens i ty .  Brine transport w i l l  not be 

ca lcu la ted  dur ing  the  steady-state o r  t r a n s i e n t  simu1,stions because the  

f l u i d  d e n s i t i e s  w i l l  be f i x e d  over  space.  The "time constant" t o  
achieve steady-state condi t ions  f o r  f l u i d  d e n s i t i e s  i n  the WIPP area is 
considered longer  ( seve ra l  1,000 yea r s )  than t h e  time constant  f o r  flow 
( seve ra l  years). Therefore, f i x i n g  the f l u i d  densi 'cies w i l l  maintain 
the d e n s i t i e s  observed today and incorpora te  the dens i ty  effects i n  the 

ca l cu la t ion  of formation pressures  and flow d i r e c t i o n s .  

The double-porosity equat ions  contained i n  SWIFT I1 w i l l  not be used i n  
the  steady-state o r  t r a n s i e n t  runs.  Haug et  a l .  (1987) demonstrated 
t h a t  double-porosity effects were n e g l i g i b l e  on t h e  s c a l e  of t he  model. 

3.3 Model Descr ipt ion 

3.3.1 Model Area 

The model area used i n  t h i s  s tudy i s  shown i n  Figure 3.1. It 

encompasses an area extending 24 km i n  the east-west and 25 km i n  t h e  

north-south d i r e c t i o n s .  The l o c a t i o n s  of the boundaries of the model 
were chosen t o  maximize t h e  a b i l i t y  t o  determine appropr ia te  boundary 
condi t ions and minimize the  effect t h e  boundaries may have on t h e  

t r a n s i e n t  modeling r e s u l t s  f o r  t h e  H-3 and WIPP-13 mult i ixd pumping 
tests.  The western boundary l ies  wi th in  Nash Draw, which i s  assumed 
t o  be a major condui t  f o r  ground-water flow toward t h e  south.  The 

o ther  boundaries of the  model do not coincide w i t h  physical hydrologic 

boundaries. However, the unce r t a in ty  of the boundary condi t ions  is 
minimized by u t i l i z i n g  hydrologic  information f r'm far-f i e l d  wells 
(e .g . ,  H-To ,  H - l o b ,  H - 1 2 ,  wIPP-26, WIPP-27, WIPP-28, and USGS-1). 

3.3.2 Model-Grid Description 

The f i n i t e - d i f f e r e n c e  g r i d  used i n  t h i s  modeling s t u d y  (F igure  3.2) 
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w a s  selected t o  f ac i l i t a t e  t h e  successfu l  reproduction of both steady- 
state and t r a n s i e n t  heads by reducing t h e  numerical problems 

assoc ia ted  wi th  coarse gr idding.  The hor izonta l  dimensions of the 

g r i d  are l is ted i n  Table 3.1 along with t he  u?M coord ina tes  of t he  

corner po in ts  of the  g r id .  The g r i d  c o n s i s t s  of 26 x 44  x 1 ( x , y , z >  
g r id  blocks and has a much f i n e r  g r i d  occurr ing  i n  the c e n t r a l  port ion 
of the  model i n  t h e  v i c i n i t y  of H-3,  t he  s h a f t s ,  and WIPP-13. The 

genera l  "rule of thumb" used i n  developing the g r i d  included not 
increas ing  ad jacent  grid-block s i z e s  by more than a f a c t o r  of two. 
This is t o  provide adequate r e so lu t ion  and numerical s t a b i l i t y  for  
t r a n s i e n t  flow model ing . 

The v e r t i c a l  dimension of the  f i n i t e - d i f f e r e n c e  g r i d  i s  taken from the  

thickness  of the Culebra dolomite i n  the WIPP area. Several  r e p o r t s  
have documented the Culebra thicknesses  observed i n  t h e  WIPP-area 

boreholes (Jones,  1978; Sandia Laborator ies  and U. S. Geological 
Survey, 1 979a, b , c ,d , e ,  f , 1 980a, b , c ,d ,e ; Sandia National Labora tor ies ,  
1982 ; Sandia National Laborator ies  and D' Appolonia Consulting 
b g i n e e r s  , 1 982a, b , c , 1 983a, b , c ; Sandi a Nat iona l  Laborator ies  and 
U. S. Geological Survey, 1980, 1981a,b, 1982, 1983a,b; Sandia National 
Laborator ies  and Univers i ty  of New Mexico, 1981 ; Mercer e t  a l . ,  
1987). The  r e s u l t i n g  t h i c k n e s s  d i s t r i b u t i o n  is i l lustrated i n  Figure 

3.3 and presented i n  Appendix B. A mean th ickness  of 7.7 rn i s  assumed 
t o  be adequate f o r  the  v e r t i c a l  model dimension i n  t h i s  s t u d y  and is 
the re fo re  used f o r  each g r i d  block. 

The e l e v a t i o n  of the  Culebra dolomite has been documented i n  t h e  

r e p o r t s  referenced above on t h e  WIPP-area boreholes. Appendix B 

contains  the ground-surface e l e v a t i o n s  and t h e  depths  t o  the  

Culebra. Based on t h a t ,  t h e  Culebra e l eva t ions  a t  the  borehole 

loca t ions  i n  the WIPP area were calculated. The e l e v a t i o n s  of the 
cen te r  of t h e  Culebra range from 704.6 m above mean sea l e v e l  (amsl) 
a t  H - 1 0  t o  900.5 m amsl at wIPP-26. 
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The Culebra-center e l eva t ions  were estimated a t  each of the grid-block 
cen te r s  using A K R I P  (Kafritsas and Bras, 1981), t he  M1.T general ized 
kr ig ing  program (Figure  3.4).  The kriged surface is  cons i s t en t  wi th  

the observed e leva t ion  data conta in ing  higher elevalt ions i n  the 

western part of the model area and lower e l eva t ions  i n  the east  and 
southeas t .  General ly ,  t h e  Culebra d i p s  s l i g h t l y  t o  t.he southeas t .  
However, the d i p  increases  l o c a l l y  wi th in  s e c t i o n s  of the model area 
(e.g. ,  t he  nor theas t  corner  of t h e  model area). 

3.4 physical Model Constants  

SWIFT I1 requ i re s  the s p e c i f i c a t i o n  of a number of f l u i d  and rock 
property cons tan ts  that  are used mainly i n  t r a n s i e n t  ca l cu la t ions .  
One of these parameters is  the p o r o s i t y  of the rock. Matr ix-poros i ty  

data of t h e  Culebra dolomite were obtained from laboratory ana lyses  on 
cores  taken from seve ra l  boreholes i n  the WIPF' area (Core 
Laborator ies ,  1986). The r e s u l t i n g  p o r o s i t i e s  range f r c m  7 t o  30%. A 

value of 16% w a s  chosen as r ep resen ta t ive  f o r  the model area. 

Other parameter cons tan ts  that  r e q u i r e  s p e c i f i c a t i o n  include f l u i d  

v i s c o s i t y ,  f l u i d  and rock compressibilities, f l u i d  thermal expansion, 
f l u i d  and rock heat capacities, freshwater dens i ty ,  and b r ine  f l u i d  
dens i ty .  Table 3.2 lists the values  assigned t o  each of these 
cons tan ts  i n  t h i s  modeling s tudy  and the pe r t inen t  r e fe rences  frm 
which these parameters were taken.  A detailed j u s t i f i c a t i o n  f o r  t h e  

s e l e c t i o n  of these values is presented i n  Haug et a l .  (1987). 
However, no te  that  s i n c e  isothermal condi t ions  are assumed t o  e x i s t  i n  
the modeled r eg ion ,  t h e  Spec i f i ca t ion  of some of the  above parameters 
(e.g., thermal expansion and heat capac i ty )  is a mere fo rma l i ty  as a 
model-input data requirement and has no impact on the  mcidel r e s u l t s .  
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3.5 Transmissivi ty  of the Culebra Dolomite 

3.5.1 Data Base 

The t r a n s m i s s i v i t y  data base for  t h e  Culebra dolomite (Appendix C) is 
derived from numerous hydrau l i c  tests performed a t  the WIPP site. 
Values have been obtained from drill-stem tests (DST'S), s l u g  tests, 
and local and reg iona l -sca le  pumping o r  i n t e r f e r e n c e  tests.  
Transmissivi ty  va lues  i n t e r p r e t e d  from these tests extend over  a range 
of s i x  orders of magnitude. Relative-frequency histograms were 
plotted i n  o rde r  t o  i l lus t ra te  the range of values  determined f o r  each 

type  of tes t  (Figure 3.5). These histograms conta in  mean va lues  fo r  a 
given tes t  type a t  a p a r t i c u l a r  borehole. For example, i f  a borehole 
had t e n  pumping-test and two s lug - t e s t  va lues  i n  the data base, t h e  

pumping-test values  are averaged t o  determine the  mean pumping-tes t 
value f o r  that  well, and the  two s l u g - t e s t  va lues  are averaged t o  
determine a mean s lug-test  value.  "he r e s u l t i n g  numbers are then  used 
i n  t h e  r e spec t ive  histograms. 

The histograms i l l u s t r a t e  a range of s i x  orders of magnitude f o r  
t r ansmiss iv i ty  values  determined from pumping tes ts  and a range of 
fou r  o rde r s  of magnitude for those determined by reg iona l  i n t e r f e rence  
tests. I n  both cases, the geometric mean of the distribution occurs 
between 1 x m2/s 
( log  t r a n s m i s s i v i t y  of - 6 ) .  

m2/s ( log  t r a n s m i s s i v i t y  of -5) and 1 x 

Transmissivi ty  va lues  determined from s l u g  tests also range over  
s e v e r a l  o rde r s  of magnitude. However, most of t h e  values  occur  
between 1 x m 2 / s  ( log  t r a n s m i s s i v i t y  of -6 )  and 1 x loe7 m 2 / s  
(log t r ansmiss iv i ty  of -7 ) .  The DST d i s t r i b u t i o n  is very similar t o  
the  s l u g - t e s t  d i s t r i b u t i o n  w i t h  the largest number of log 

t r ansmiss iv i ty  va lues  f a l l i n g  i n  t h e  -6 t o  -7 log m2/s i n t e r v a l .  
Thus, t he  mean l o g  t r a n s m i s s i v i t y  va lues  f o r  these two d i s t r i b u t i o n s  
l i e  between -6 and -7 log m2/s. crs 
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The l a r g e  d i f f e rences  i n  the above t r a n s m i s s i v i t y  d i s t r i b u t i o n s  r e s u l t  
from t h e  heterogeneous n a t u r e  of the Culebra dolomite. Th i s  r e s u l t s  
i n  a wide range of poss ib l e  t r ansmiss iv i ty  values  present  over t h e  

WIPP si te.  The area east of the WIPP s i t e  h a s ,  i n  genera l ,  lower 
permeabilities than reg ions  west of the s i t e .  

The l a r g e  d i f f e rences  i n  t he  t r a n s m i s s i v i t y  d i s t r i b u t i o n s  also reflect 
the  volume of rock stressed during a hydrogeologic test which i s  both 

test  and s i t e  s p e c i f i c .  For example, whi le  a t  cine l o c a t i o n  the 
permeabi l i ty  may fac i l i t a te  d i f f e r e n t  types  of test:;, t h e  volume of 
rock a c t u a l l y  h y d r a u l i c a l l y  stressed i n  one tes t  (e .g . ,  s l u g )  could be 

much smaller than the volume of rock stressed i n  another t es t  ( e .g . ,  
pumping). This  d i f f e rence  i n  volume stressed may r e s u l t  i n  i n t e r -  
pret ed t ransmi ssivi ti es tha t  are rep resen t  a t  i ve of d i f f e r e n t  spat i a1 
scales of the Culebra around the borehole. Therefore ,  t h e  

t r ansmiss iv i ty  data base has been evaluated i n  an a t tempt  t o  determine 
r ep resen ta t ive  values  a t  a s c a l e  of t e n s  of meters. 

Appendix C. describes the r a t i o n a l e  used t o  ass ign  t r a n s m i s s i v i t y  
values at  each borehole i n  t h e  modeling study. The r e s u l t i n g  
t r ansmiss iv i ty  d i s t r i b u t i o n  i s  i l l u s t r a t e d  i n  Figure 3.6 and l i s t e d  i n  
Table 3.3. The d i s t r i b u t i o n  has the  same general  c ! h a r a c t e r i s t i c s  of 
the s l u g - t e s t ,  DST, and pumping-test d i s t r i b u t i o n s .  The l a r g e  number 
of s lug - t e s t  and DST values  occurr ing  between -6 and -7 l og  m2/s 
generates  the  values  on t h e  lower end of the  d i s t r i b u t i o n  and t h e  

pumping-test values  are represented  mostly a t  the high end. The 

regional  i n t e r f e rence  values  were not  used i n  determining 
r ep resen ta t ive  values  at the boreholes ,  b u t  were considered dur ing  
model ea1 i brat i on. 

3.5.2 Uncertainty of the  Transmissivi ty  Data 

In  order  t o  eva lua te  t h e  unce r t a in ty  associated with the 

t r ansmiss iv i ty  data ,  t h e  var iances  and the s tandard dev ia t ions  ( 0 1  of 
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the t r a n s m i s s i v i t y  va lues  at 
ca l cu la t ed  ( Appendix C, Table 
minimum standard dev ia t ion  a = 

t e s t  r e s u l t s .  For the r e s u l t s  

t h e  hydropads or well l o c a t i o n s  were 
C.2). A s  discussed i n  Appendix C ,  a 
0.25 l o g  m / s  w a s  assumed fo r  pumping- 
of o t h e r  hydrau l i c - t e s t ing  data  such as 

2 

DST's o r  s l u g  tes ts ,  a s tandard  dev ia t ion  a = 0.5 log  m2/s w a s  
considered t o  be appropr i a t e .  Most hydropads or  wells, where 
s u f f i c i e n t  data are a v a i l a b l e  to  c a l c u l a t e  re l iab le  s t anda rd  

dev ia t ions ,  have values similar or higher than  t h e  assumed minimum 
s tandard  dev ia t ions  (e .g . ,  a t  hydropads H-1 ,  H-3, and H-5). 

If one assumes tha t  t h e  hydrau l i c  tests have tested a r e p r e s e n t a t i v e  
rock volume and tha t  t h e  measurement e r r o r  is normally d i s t r i b u t e d ,  
the  standard dev ia t ions  can be i n t e r p r e t e d  as u n c e r t a i n t y  associated 
with t h e  t r a n s m i s s i v i t y  data. I n  such a case, the mean 
t r a n s m i s s i v i t y  f 20 correspond t o  a 95% confidence i n t e r v a l .  Thus, 
t he  assumed minimum u n c e r t a i n t y  of the  pumping-test r e s u l t s  is h a l f  an 

and f o r  t h e  other hydrau l i c  o rde r  of magnitude (20  = 0.5 l o g  m 2 / s >  , 
2 tests i t  i s  one o r d e r  of magnitude (20 = 1 .0  l o g  m /SI. The empi r i ca l  

u n c e r t a i n t i e s  from the hydropads, where re l iable  s tandard  dev ia t ions  
could be c a l c u l a t e d ,  g e n e r a l l y  f a l l  i n  between these two assumed 

These values (e.g., a t  hydropad H-3, 20 = 0.76 log m / s ) .  

u n c e r t a i n t i e s  were used  as inpu t  t o  the kriging code K603 i n  t he  

e s t ima t ion  of t h e  t r a n s m i s s i v i t y  d i s t r i b u t i o n  of t h e  model area 
(Sec t ion  3.5.3.1 ) . 

2 

3.5.3 Estimation of Transmissivi ty  Over t h e  Model Region 

Two g e o s t a t i s t i c a l  approaches were used i n  the e s t ima t ion  of the  

t r a n s m i s s i v i t y  f i e l d  over  t he  model region. This w a s  done i n  order t o  
determine the method which provided t h e  more r e p r e s e n t a t i v e  s p a t i a l  
d i s t r i b u t i o n  of  the t r a n s m i s s i v i t y  va lues .  Theore t i ca l ly ,  bo th  codes 

preserve  t h e  observed t r a n s m i s s i v i t y  data a t  t h e  WIPP-area 
boreholes. A modified vers ion  of the USGS un ive r sa l  k r ig ing  code, 
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K603 (Skrivan and Kar l inger ,  19811, and the MIT genera l ized  kr ig ing  
code, A K R I P  (Kafritsas and Bras, 19811, were t h e  two codes used i n  
t h i s  exe rc i se .  Both have specific advantages and disadvantages.  
Universal  k r ig ing  requires the determinat ion of a semi-variogram which 

provides the  user  w i th  geostatistical parameters such as the 

c o r r e l a t i o n  length  ( range)  and sill. The unce r t a in ty  of the observed 
data may a l s o  be incorporated i n t o  the  un ive r sa l  k r ig ing  results. 
Generalized kr ig ing  does not r equ i r e  a semi-variogram i n  its 
mathematical formulation and therefore does not  provide the user w i t h  

t h i s  information. The c o e f f i c i e n t s  and order of’ a polynomial 
expression,  referred t o  as a genera l ized  covariance func t ion  (GCF), 

are determined and subsequently used i n  the  est imat ion procedure. In  
add i t ion ,  the unce r t a in ty  of the observed data cannot be accounted f o r  
i n  t h e  gene ra l i zed  k r i g i n g  program A K R I P .  The fo l lowing  t w o  s e c t i o n s  

describe the app l i ca t ion  of both kr ig ing  codes and present  t he  

e s s e n t i a l  r e s u l t s .  A comparison of t h e  r e s u l t s  is w n t a i n e d  i n  the 

t h i  rd  s e c t i o n .  

3.5.3.1 Estimation of Transmissivi ty  F i e l d  Using the  Universal  
Kriging Code K603 

The first s t e p  i n  e s t ima t ing  the t r a n s m i s s i v i t y  f i e l d  us ing  K603 
cons is ted  of c a l c u l a t i n g  empirical semi-variograrris based on the  

a v a i l a b l e  t r a n s m i s s i v i t y  data (Table  3.3). S x h  empir ica l  semi- 
variograms describe the spatial c o r r e l a t i o n  between t h e  observed 
data. Figure 3.7 shows a non-direct ional  as well as two d i rec -  
t i o n a l  semi-variograms. The d i f f e rence  between the north-south 
and t h e  east-west d i r e c t i o n a l  semi-variograms i n d i c a t e s  a s t r o n g  
t r end  i n  t h e  east-west d i r e c t i o n .  T h i s  is cons i s t en t  wi th  the  

fact t h a t  the t r a n s m i s s i v i t i e s  i n  the western part of the model 

area are gene ra l ly  h igher  than  those  i n  the e a s t e r n  part (see also 
Sec t ion  2 . 4 ) .  
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The second s t e p  of universa l  k r ig ing  is t o  determine the 
c o e f f i c i e n t s  of a mathematical express ion  which describes the 

t r end  over  the model area. The t r e n d  is  then removed from the  

data which l eaves  t h e  t rend-corrected t r a n s m i s s i v i t i e s  as 
r e s idua l s .  The removal of the  t r e n d  from the data is  considered 
successfu l  when t h e  d i f f e rence  between the  d i r e c t i o n a l  semi- 
variograms of the residuals i s  a minimum. A non-di rec t iona l  semi- 
variogram of the  r e s i d u a l s  can then be used as the basis f o r  t h e  

s e l e c t i o n  of the theoretical semi-variogram t h a t  i s  subsequent ly  
employed i n  t h e  kr ig ing  procedure. 

A detailed t r e n d  a n a l y s i s  us ing  K603 confirmed t h a t  a l i n e a r  
east-west t rend  underlies the  Culebra t r a n s m i s s i v i t y  data (Table  

3.4) Higher o rde r  polynomials were ' i nves t iga t ed  i n  the 

approximation of the  east-west t r e n d ,  but were i n s i g n i f i c a n t  
compared t o  the l i n e a r  t r end .  Trend ana lyses  were also conducted 
t o  determine if minor t r e n d s  occurred i n  other d i r e c t i o n s ;  
however, no other s i g n i f i c a n t  t r e n d  could be detected. Therefore,  
on ly  a l i n e a r  east-west t r e n d  was used f o r  the  subsequent s t e p s  of 
the k r ig ing  a n a l y s i s  (Table  3.4).  

?he t rend-corrected t r a n s m i s s i v i t i e s ,  referred t o  as r e s i d u a l s ,  
were used i n  t h e  non-d i rec t iona l  and d i r e c t i o n a l  semi-variograms 

i n  Figure 3.8. The agreement between t h e  three curves 
demonstrates that a l l  s i g n i f i c a n t  components of t h e  r eg iona l  t r e n d  
underlying the  t r a n s m i s s i v i t y  data have been removed. Based on a 
v i sua l  examination of Figure 3.8, a range or c o r r e l a t i o n  l e n g t h  of 
about 3 km and a sill of about 1 log.m2/s  should be used.  There 

is no ind ica t ion  of a nugget. 

A theoretical semi-variogram must be f i t t e d  t o  t h e  non-d i rec t iona l  
semi-variogram (Figure  3.8) before t h e  es t imat ion  of  
t r a n s m i s s i v i t i e s  can be performed. A spherical semi-variogram was 
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@ s e l e c t e d  as the  t h e o r e t i c a l  model t o  represent  the t rend-corrected 
t r a n s m i s s i v i t i e s  based on t h e  shape of t h e  noli-directional curve 
(Figure  3.8). Theoretical models that are a v a i l a b l e  include 
exponent ia l ,  s p h e r i c a l ,  l i n e a r ,  and Gaussian (Skrivan and 
Karl inger ,  1980). Having selected t h e  type of the t h e o r e t i c a l  
semi-variogram, the range (a) and s i l l  (a) parameters were 
sys t ema t i ca l ly  va r i ed  u n t i l  a s p h e r i c a l  (semi-variogram was 
determined tha t  was s t a t i s t i c a l l y  cons i s t en t  wi th  the e x i s t i n g  
data base. A unique bes t - f i t  s o l u t i o n  w a s  fourld f o r  the  parameter 
combination a = 3.012 km and w = 0.9355 106: m2/s ( T a b l e  3.4). 
These parameter values  are c lose  t o  the  expected values  (Sased on 
examination of Figure 3.8). The non-di rec t iona l  semi-variogram of 
t h e  r e s i d u a l s  and t h e  selected s p h e r i c a l  semi-variogram are 
p l o t t e d  toge ther  i n  Figure 3.9. Tine two curves agree  reasonably 
well. 

The major d i f f e rences  of the results determined i n  t h i s  semi- 
variograrn a n a l y s i s  t o  those repor ted  in t h e  previous modeling 
s tudy  of Haug e t  a l .  (1987) are: 

1. 

2. 

When t h e  previous modeling s tudy  was conducted, t h e  available 
t r a n s m i s s i v i t y  data base was much sma l l e r ,  i . e . ,  data frcm 
only 24 hydropads or well l oca t ions  were a v a i l a b l e  as compared 
t o  data from 38 l o c a t i o n s  i n  t h i s  s tudy.  In a d d i t i o n ,  sane of 
the previously e x i s t i n g  data were considerably less reliable. 

Because of t h e  small data base,  s ta t i s t ica l ly  s i g n i f i c a n t  
t rends  could not  be i d e n t i f i e d ,  and t h e r e f o r e ,  t rend-corrected 
t r a n s m i s s i v i t i e s  were not used i n  t h e  prevj.ous s tudy .  

The non-direct ional  semi-variogram i n  t h e  previous modeling 
s tudy  charac te r ized  t h e  s p a t i a l  c o r r e l a t i o n  of the 

t r ansmiss iv i ty  data excluding t h e  existarlce of a t rend .  A 

l a r g e r  c o r r e l a t i o n  length  (about 4 k m ) ,  a l a r g e r  s i l l  ( w  = 

2.05 l o g  m /s) and an exponent ia l  semi-variogram had t o  be 2 
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used in order to characterize the previous transmissivity data 
base in a statistically consistent manner. 

3. The semi-variogram analysis of the present modeling study 
resulted in the estimation of a linear east-west trend and the 
use of a spherical semi-variogram with a shorter correlation 
length (about 3 km) and a smaller sill ( w = 0.9335 log rn*/s). 

In general terms, the overall uncertainty of the transrnis- 
sivity field appears to be reduced by 50% on log scale because 
of the smaller sill value. The shorter correlation length 
indicates a larger heterogeneity on a scale of several 
kilometers than one would expect based on the previous study. 

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

The kriged transmissivity distribution illustrated in Figure 3.10 
is clearly influenced by the identified linear east-west trend, 
especially in areas at distances greater than the correlation 
length from the transmissivity data points. Obvious aberrations 
from the regional trend exist in the areas of increased 
transmissivities at WIPP-25, H-6,  and DOE-2 as well as in the area 
of 'nigh transmissivities at DOE-1 and H - 1 1 .  Relatively low 
transmissivities are shown in the area of P-15, H-4, CB-1,  and 

P-17. 
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For the ca l cu la t ion  of the es t imat ion  error displayed i n  
Figure 3.10, a zero uncer ta in ty  w a s  assumed for  the e x i s t i n g  
t r ansmiss iv i ty  data. This s i m p l i f i c a t i o n  r e s u l t s  i n  es t imat ion  
errors which are l i k e l y  too low. Nevertheless , they were 

ca l cu la t ed  because they can be d i rec t ly  compared t o  the es t imat ion  
errors ca lcu la ted  by AKRIP which does not  account for  the  

unce r t a in t i e s  associated with the data (Sec t ion  3.5.3.2). 

The contour maps shown i n  Figure 3.11 were generated subsequent t o  
ass igning  u n c e r t a i n t i e s  t o  the  observed t r a n s m i s s i v i t i e s  (Sec t ion  
3.5.2). The estimated t r ansmiss iv i ty  f i e l d  shows 110 s i g n i f i c a n t  
d i f f e rences  compared t o  t ha t  d i sp l ayed  i n  Figure 3.10. The 

d i s t r i b u t i o n  of the es t imat ion  e r r o r  is charac te r ized  by low 
va lues  i n  t h e  c e n t r a l  p a r t  of the model area and higher values  
along the e a s t e r n  and western model boundary. I n  the  immediate 
neighborhood of the  hydropads and wells, t h e  e s t ima t ion  e r r o r s  are 
genera l ly  0.5 l o g  m 2 / s  or less. This corresponds t o  an 
unce r t a in ty  ( i . e . ,  two s tandard  dev ia t ions )  of approximately +/- 

one order of magnitude on a l i n e a r  scale. I n  large parts of the  

c e n t r a l  model area defined by the WIPP-si te  boundary, t he  

es t imat ion  e r r o r  is between 0.5 and 0.75 log m2/s. 

3.5.3.2 Estimation of Transmissivi ty  F ie ld  Using the Generalized 
Kriging Code AKRIP 

The es t ima t ion  of the t r a n s m i s s i v i t y  f i e l d  using AKRIP required 
the determinat ion of a t h e o r e t i c a l  general ized covaloiance func t ion  
(GCF) cons i s t en t  with the  logarithms of the Culebra t r a n s m i s s i v i t y  
data. The GCF is the  theoretical Vodelff used t o  estimate the  

t r a n s m i s s i v i t i e s  of the model area. The c o e f f i c i e n t s  of the GCF 

"are determined by an i t e r a t i v e  procedure i n  which t h e  GCF is 

f i t t e d  t o  local "neighborhoodstt def ined by subse t s  of t h e  observed 
t r ansmiss iv i ty  data. I n  t h i s  s tudy ,  a neighborhood is defined by 
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the ten nearest observed data points surrounding a particular 
estimation point in the model area. As the estimation point 
changes, the data points defining the neighborhood also changes. 
Because the transmissivity data within a given neighborhood 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. "he 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 CCF used in this study is listed in Equation (3.1): 

K(h) = -1.794E-04 Ihl (3.1 ) 

where K(h) is the generalized covariance and h is distance between 
the estimation point and an observed data point. A consistency 
check is normally performed on the theoretical GCF to verify that 
it is statistically consistent with the input data. A GCF t h a t  is 
consistent with the input data should provide a reduced mean 
square error near 1 .O (see de Marsily, 1986). The GCF listed in 
Equation (3.11 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 t r ansmiss iv i ty  values  i n  the western part ( l o g  
t r ansmiss iv i ty  from -3.0 t o  -3.5) of the model region and the 
lower values  ( log t r a n s m i s s i v i t y  from -6.0 t o  -8.0) i n  t h e  east. 
The lowest values of t r ansmiss iv i ty  occur along the  e a s t e r n  
boundary and reflect the  p ro jec t ion  of the underlying local t rends  
determined by AKRIP .  The l o g  t r ansmiss iv i ty  v2lues within t h e  
WIPP-s i te  boundary vary from -4.1 a t  H-6 t o  -7.0 a t  P-15. A l o c a l  
h igh  occurs near the  H-11 and DOE-1 boreholes. Here the l o g  
t r ansmiss iv i ty  values are between -4.5 and -5.0, This area is 
considered t o  be a l o c a l  high because of the surrounding lower log 
t r ansmiss iv i ty  values .  

The es t imat ion  e r r o r s  (as def ined by one s tandard  dev ia t ion )  
within t h e  model region are h i g h e s t  n e a r  the nclrtheast boundary 

due t o  the lack of data i n  t h e  area. Here t h e  errors have l o g  
values  of 1 .5 .  Within the c e n t r a l  por t ion  of t h e  model a r e a ,  the 

e r r o r s  of the estimate are between 0.5 and 0.75 l o g  m2/s. A 

three-dimensional r ep resen ta t ion  of t h e  i n i t i a l  l o g  t r ansmiss iv i ty  
f i e l d  i s  presented i n  Figure 3.13. The log t r a n s m i s s i v i t y  f i e l d  

is presented i n  terms of nega t ive  log t r a n s m i s s i v i t y  o r  log 
hydraul ic  r e s i s t i v i t y .  Note t h e  l o w - r e s i s t i v i t y  reg ion  t o  t h e  
west and the high r e s i s t i v i t i e s  i n  the east. The l o c a l  

h igh- t ransmiss iv i ty  zone around H-11 appears as a small TTcra t e rTT  
of low r e s i s t i v i t i e s  surrounded by the higher res is t ivi t ies  
defined by P-15, P-17, and H-17. 

3.5.3.3 Comparison Between t h e  Resul t s  of Univc?rsal Kriging and 
t h e  Resul t s  of Generalized Kriging 

A comparison between the results of the  two d i f f e r e n t  geostatis- 
t ical  methods, un iversa l  k r ig ing  (Figures 3.10 and 3.11)  and 
general ized k r ig ing  (Figure 3.12) ,  shows both i n t e r e s t i n g  
simil ari t i es  and d i f f e rences  . 
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The t r a n s m i s s i v i t i e s  estimated by both methods are cons i s t en t  i n  
areas where f i e l d  data are ava i l ab le .  Both methods show a 
reg iona l  east-west t r end  as w e l l  as increased t r a n s m i s s i v i t i e s  i n  
t he  area of  WIPP-25, H-6, and DOE-2. Also, t h e  increased  
t r a n s m i s s i v i t i e s  at DOE-1 and H-11 and t h e  r e l a t i v e l y  low 
t r a n s m i s s i v i t i e s  i n  the area of P-15, H-4, CB-1, and P-17 are 
shown on both  contour maps. 

In areas further away from the  data p o i n t s ,  t h e  d i f f e rences  
between t h e  results are larger. I n  gene ra l ,  un iversa l  k r ig ing  
(K603) emphasizes the  east-west t r end  more, which r e s u l t s  i n  
r e l a t i v e l y  s i m p l e ,  s t r a igh t  contour  l i n e s  i n  the  o u t e r  parts of 

the  model area. This is because universa l  k r ig ing  assumes a 
s i n g l e  l i n e a r  east-west, t rend .  Deviat ions from t h e  genera l  t r end  
are present  i n  t h e  contour  map o n l y  wi th in  t h e  c o r r e l a t i o n  l eng th  
of about 3 lan of the  hydropads and wells. In  c o n t r a s t ,  
general ized k r ig ing  (AKRIP) u ses  the local t r end  def ined  by t h e  

t e n  c l o s e s t  data po in t s  when es t imat ing  the t r a n s m i s s i v i t y  a t  a 
given loca t ion .  As a r e s u l t ,  the  local t rends  i n  Figure 3.12 may 
have a d i f f e r e n t  east-west component than  t h e  s i n g l e  t r e n d  su r face  
i l l u s t r a t e d  i n  Figures  3.10 and 3.11. However, t h e  d i f f e rences  
between the  K603 and A K R I P  results i n  most p a r t s  of t h e  model area 

?bus, t he  d i f f e r e n c e s  are not larger  

than  the es t imat ion  errors ca l cu la t ed  by either program. 
are less than 0.5 log rn 2 / s .  

A comparison between the  e s t ima t ion  e r r o r s  obtained from the two 
g e o s t a t i s t i c a l  methods shows a s imi la r i ty  i n  t h e  western and 

c e n t r a l  part of the model area. General ly ,  the e s t ima t ion  errors 

es t imat ion  e r r o r s  c a l c u l a t e d  by K603 (Figure 3.10).  The lower. 

es t imat ion  e r r o r s  o r i g i n a t e  from the  GCF used i n  t h e  genera l ized  
k r ig ing  procedure (Sec t ion  3.5.3.2) which has  a h ighe r  reduced 

mean square  e r r o r  (RMSE of 1 .5)  than  t h a t  determined f o r  t h e  serni- 
variogram used i n  K603 (RMSE of 1 .0 ) .  The RMSE va lue ,  def ined  a s  

provided by A K R I P  (F igure  3.12) are 0.25 log rn 2 /s lower than  t he  
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I 

the average r a t i o  of the theoretical t o  the ca l cu la t ed  var iance ,  
t ends  t o  be larger than 1.0 if the var iance  of the estimated 

values is  lower than t h e  var iance of the observed values .  

Major d i f f e rences  between the  est imat ion errors from the  two 
kr ig ing  methods e x i s t  mainly i n  the nor th-eas te rn  corner  of the 

model area. No measured data e x i s t  i n  t h i s  area. K603 ca l cu la t ed  
es t imat ion  errors i n  t h i s  area between 1.00 and 1.25 log m / s .  

The corresponding values  ca l cu la t ed  by A K R I P  are as iiigh as 1.75 
log m / s .  lhe reason f o r  t h i s  large d i f f e rence  l ies i n  t h e  

d i f f e r e n t  methods by which the two codes incorporbate t r ends .  
K603 assumes that i n  such areas the  reg iona l  t rend  is the best 
estimate. Although the code accounts  t o  sane e x t e n t  f o r  the 
uncertainty associated w i t h  the estimated t r end ,  t h e  unce r t a in ty  

is e s s e n t i a l l y  governed by the  sill  of the theoretical semi- 
variogram. In  comparison, t h e  genera l ized  covariance func t ion  
(GCF) used by A K R I P  does not  reach a maximum value l i k e  a s i l l  at 
a given sepa ra t ion  d is tance .  Therefore, the  e s t ima t ion  e r r o r s  
ca l cu la t ed  i n  A K R I P  may s teadi ly  inc rease  with distance away fran 
the n e a r e s t  data po in t .  Thus, t h e  d i f f e r e n t  es t imat ion  errors i n  
the  nor th-eas te rn  model area revea l  one of t h e  fundamental 
d i f fe rences  between t h e  un ive r sa l  and t h e  genera l ized  k r ig ing  
approaches. 

2 

2 

I n  summary, K603 rep resen t s  a f l e x i b l e  method a l lcwing  the user t o  
ut i l ize  h i s  e x p e r t i s e  and judgment; however, t h i s  may add a degree 
of s u b j e c t i v i t y  t o  the results. AKRIP can be characterized as a 
"black-box method1' with a r e s t r i c t i v e  underlying mathematical 
formulation which excludes the s u b j e c t i v i t y  of the  u s e r  t o  a large 
degree. In  p r i n c i p l e ,  both codes can.! be used t o  estimate the  

i n i t i a l  model transmissivities and the  t nansmissivity 
d i s t r i b u t i o n s  used du r ing  t h e  model calibration. I n  areas 
without data, the results d i f f e r  sanewhat because K603 uses  a 

I 
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s i n g l e  t r end  surface and AKRIP uses  seve ra l  local t r ends  def ined  
by the n e a r e s t  data points .  S ince  local t r e n d s  are probably more 
c o n s i s t e n t  with t h e  observed data than one s i n g l e  t r e n d  over  the 

e n t i r e  model reg ion ,  AKRIP  w a s  selected t o  estimate t h e  i n i t i a l  
t r ansmiss iv i ty  f i e l d  and t h e  modified t r a n s m i s s i v i t y  d i s t r i b u t i o n s  
dur ing  the  model c a l i b r a t i o n .  

3.6 S t o r a t i v i t y  of  the Culebra Dolomite 

3.6.1 Data Base 

The s t o r a t i v i t y  data base (Appendix D> w a s  evaluated t o  determine 
r ep resen ta t ive  values  a t  a scale of t e n s  of meters. The r a t i o n a l e  
used i n  the eva lua t ion  is  discussed  i n  Appendix D. The f i n a l  values  
assigned t o  borehole l o c a t i o n s  are l i s t e d  i n  Table 3.3. The t o t a l  
number of s t o r a t i v i t y  va lues  is  much less than t h e  number of 
t r ansmiss iv i ty  values.  The s t o r a t i v i t y  values  have a mean which l i e s  
between 5 x and a range t ha t  extends over  3 orders 
of magnitude. 

and 1 x 

3.6.2 Cor re l a t ion  Between S t o r a t i v i t y  and Transmissivi ty  

Because the number of s t o r a t i v i t y  va lues  i s  much smaller than  the 
number of t r a n s m i s s i v i t y  va lues ,  it is i n t e r e s t i n g  t o  assess whether 
or not  the  two hydrogeologic parameters are s t a t i s t i c a l l y  
correlated. If  they are s ta t i s t ica l ly  c o r r e l a t e d ,  t h e  

t r ansmiss iv i ty  d i s t r i b u t i o n s  could be used t o  i n f e r  a d d i t i o n a l  
s tora t iv i  t y  values .  

One widely used method t o  determine whether two parameters are 
correlated is  l inea r - r eg res s ion  a n a l y s i s  (LRA). LRA uses  a least- 
squares  c a l c u l a t i o n  t o  determine the best-fit l i n e  t o  two v a r i a b l e s  
(one dependent and one independent) p l o t t e d  i n  x-y (parameter 1 v s  
parameter 2 )  format.  The slope and y- in te rcept  of the best-fit l i n e  
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and a parameter referred t o  as the r2 value are ca. lculated i n  LRA. 
The r parameter, which ranges  i n  v&ue from zero  t o  'me, is a measure 
of the goodness of f i t  of the f i t t e d  l i n e  t o  the data. The higher the 

2 r2 value ,  the better the  f i t  of the  l i n e  t o  the data. Thus, the r 
value der ived from LRA of two h ighly  correlated par'meters should be 
approximately equal  to  one. 

2 

The Culebra t r ansmiss iv i ty  and s t o r a t i v i t y  data discussed i n  
Sec t ions  3.5.1 and 3.6.1 were analyzed with LRA t o  determine whether 

or not any c o r r e l a t i o n  between the  parameters exist:). I n i t i a l l y ,  t h e  
ana lys i s  used a l l  data from those hydrologic  test:; from which both 

t r ansmiss iv i ty  and s t o r a t i v i t y  va lues  were determined. The r2 value 
calculated using this data was 0.07. If the  data set  is f i l t e red  t o  
include only  those values  of t r ansmiss iv i ty  and s t o r a t i v i t y  determined 
from in te r f e rence  tests, t h e  r2 value decreases t o  0.003. These 

results theref o r e  provide q u a n t i t a t i v e  . evidence f o r  dismissing 
c o r r e l a t i o n  between the  s t o r a t i v i t y  and t r a n s m i s s i v i t y  of t h e  Culebra.  

This  does not exclude the  p o s s i b i l i t y  t h a t  g e o s t a t i s t i c a l  parameters 
determined f o r  the t r ansmiss iv i ty  (e .g., semi-variogran model, 
c o r r e l a t i o n  d i s t ance ,  and s i l l )  are similar t o  the  geostatistical 
parameters c h a r a c t e r i s t i c  of t he  s t o r a t i v i t y .  A parameter such  as 
c o r r e l a t i o n  distance could be t h e  same for  s e v e r a l  hydrogeologic 
parameters without those actual parameters d isp lay ing  a s t r o n g  
c o r r e l a t i o n .  Regional s t r u c t u r a l  or d i agene t i c  events  could provide 
t h e  mechanisms t o  produce g e o s t a t i s t i c a l  similar3 t ies f o r  seve ra l  
hydrogeologic parameters. 

3.6.3 I n i t i a l  Model S t o r a t i v i  t i es  

The s t o r a t i v i t y  value chosen f o r  t h e  t r a n s i e n t  modeling i n  t h i s  s t u d y  
is 2 x the same value used i n  Haug et a l .  (1987).  Future 
modeling s t u d i e s ,  which w i l l  include t h e  hydraul ic  stresses due t o  
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cons t ruc t ion  of a f o u r t h  shaf t  and pumping dur ing  a tracer t e s t  a t  t he  

H-1 1 hydropad, w i l l  u t i l i z e  a s p a t i a l  d i s t r i b u t i o n  fo r  s t o r a t i v i  t y  
during model c a l i b r a t i o n  and s e n s i t i v i t y  ana lyses .  

3.7 Hydraulic Condi t ions i n  the  Culebra Dolomite 

3.7.1 Data Base 

Data from t h e  observation-well  network i n  the Culebra were eva lua ted  
i n  t h i s  s tudy  t o  c h a r a c t e r i z e  the hydrau l i c  cond i t ions  i n  the  Culebra. 
Appendix E p re sen t s  t h e  hydrographs p l o t t e d  as equiva len t  freshwater 
head versus  time. (The term "freshwater head" is u t i l i z e d  i n  this 

repor t  and is  equiva len t  t o  the  term "freshwater  e l e v a t i o n  above mean 
sea l eve l "  because the head values  are always related t o  mean sea 
l e v e l .  It  refers t o  the  e l e v a t i o n  of a column of fresh water wi th  a 
f l u i d  d e n s i t y  of 1 g/cm3 that would e x e r t  a pressure  a t  t h e  e l eva t ion  
of the Culebra equal  t o  the  formation pressure . )  

The freshwater-head data are ca l cu la t ed  from either depth-to-water or  
downhole-pressure-transducer measurements. The procedure used and t h e  
information necessary t o  c a l c u l a t e  t he  freshwater heads is also 
presented i n  Appendix E. I n  a d d i t i o n  t o  t h e  monitoring wells, 
transducers i n s t a l l e d  i n  t h e  lining of t h e  three shafts a t  the WIPP 
s i t e  have monitored p res su res  a t  t h e  Culebra- l iner  i n t e r f a c e  i n  t h e  

three shafts. From these hydrographs, estimates of t h e  undis turbed 
hydraul ic  condi t ions  and t h e  t r a n s i e n t  responses due t o  sha f t  and 
s i t e - c h a r a c t e r i z a t i o n  a c t i v i t i e s  i n  t h e  Culebra dolomite were 
assessed. 

The c a l c u l a t i o n  of the  equiva len t  freshwater heads from depth-to-water 
and t ransducer  measurements r e q u i r e s  knowledge of t h e  average 
borehole-f luid dens i ty .  The es t ima t ion  of t h e  unce r t a in ty  i n  t h e  

borehole-f luid-densi ty  estimates and the  corresponding unce r t a in ty  i n  
t h e  equiva len t  freshwater heads are d iscussed  i n  Appendix E. I n  
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a d d i t i o n  t o  the f l u i  d-dens i t y  uncert ai n t  y , water- l e v e l  va r i  at i om 
exh ib i t ed  i n  a well's hydrograph may r e s u l t  from long-term n a t u r a l  
head changes ( t r e n d s )  o r ,  i n  sane cases, changes of unknown o r i g i n .  
Appendix E lists the estimates of these indiv idua l  u n c e r t a i n t i e s  f o r  
each undisturbed freshwater-head estimate and combines these f o r  a 
total  unce r t a in ty  a t  each well, which is q u a l i t a t i v e l y  meant t o  
correspond t o  one s tandard  dev ia t ion  of the freshwater head 

measurements. 

The term ?'observed freshwater heads" is used i n  this repor t  t o  refer 
t o  equiva len t  freshwater heads that  are determined from the  depth-to- 
water and t ransducer  measurements. The term l lcalcul ,a ted freshwater 
heads" refers t o  heads ca l cu la t ed  using SWIFT 11. 

3.7.2 Abridged Transient  Data 

The hydrographs of equiva len t  f reshwater  head versus  time are u t i l i z e d  
i n  t h e  t r a n s i e n t  modeling a c t i v i t i e s .  Because the  d a t a  base is very 
l a r g e ,  the  equiva len t  f reshwater-head data were abric!ged t o  make t h e  

hydrograph p l o t s  of observed and s imulated freshwater  heads easier t o  
read. The data were scanned on a seven-day i n t e r v a l  t o  o b t a i n  t he  

minimum, maximum, and mean values  corresponding t o  t h a t  week. T h i s  

technique preserves  t h e  complexity of the data anti minimizes the 

number of po in t s  t o  be p lo t t ed .  The t r a n s i e n t  head data also have 
uncer ta in ty  introduced by the  unce r t a in ty  i n  t h e  borehole- f lu id  
dens i ty .  To i l lustrate  t h i s  unce r t a in ty  i n  graphica:l p re sen ta t ions ,  
these u n c e r t a i n t i e s  ( t abu la t ed  i n  Appendix E ) ,  expressed i n  terms of 
meters of head, are added t o  the  minimum and maximum observed 
f restiwater heads. The t r ans i en t -da ta  hydrographs uscld for  comparing 
observed and model-calculated freshwater lieads p l o t  the mean observed 
head value f o r  each week with a v e r t i c a l  bar dep ic t ing  t h e  minimum and 
maximum observed freshwater heads p lus  unce r t a in t i e s .  For t h e  case of 
a s i n g l e  measured va lue  during a particular week, t h i s  va lue  is 
p l o t t e d  as t h e  mean and a v e r t i c a l  bar dep ic t ing  t h e  m c e r t a i n t i e s  is 
added t o  i t  (see Sec t ion  5.1 t o  5.3).  
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3.7.3 Estimation of the Undisturbed Hydrologic Conditions over  t h e  
. .  

Modeled Region 

The undis turbed freshwater heads are assumed t o  be r ep resen ta t ive  of a 
steady-state system. Haug et al .  (1987) found that  leakage from the 

Culebra i n t o  the WIPP shafts has occurred s i n c e  t h e  excavat ion of the  
first shaft ( the  cons t ruc t ion  and sa l t -hand l ing  shaft, 7/4/81- 
10/23/81). This leakage has caused drawdown responses a t  many of the  

observa t ions  wells a t  t he  WIPP site. For t h i s  reason,  undis turbed 
freshwater heads are b e s t  determined from data collected before mid 

1981. For wells i n  close proximity t o  the  shafts f o r  which no  water- 
l e v e l  data were recorded before  the summer of 1981, undis turbed 
freshwater heads could not  be estimated, 

The determinat ion of long-term mean formation pressures  referred t o  as 
undisturbed pressures  involved eva lua t ing  the  hydrographs for the 
WIPP-s i te  boreholes (Appendix E ) .  We assume t h a t  t h e  undis turbed 
pressures  r ep resen t  t h e  quas i - s teady-s ta te  pressure  f i e l d  t ha t  w a s  
p resent  before the excavat ion of the shafts. Table  3.5 summarizes the 

estimates of undis turbed freshwater head for  each of t h e  wells and 
also lists the unce r t a in ty  associated with t ha t  value.  

The es t ima t ion  of t he  undis turbed pressures  expressed i n  terns of 
equ iva len t  freshwater heads over the  model region w a s  performed us ing  
the AKRIP code with the observed undis turbed freshwater heads a t  the 

w e l l  l oca t ions .  The estimated heads and the errors of the  e s t ima t ion  
are illustrated i n  Figures  3.14a and 3.14b. The freshwater heads 

revea l  a predominantly s o u t h e r l y  flow d i r e c t i o n  across the WIPP s i t e .  
The heads wi th in  the  southeas te rn  po r t ion  of the modeled area reflect 
an approximately western flow d i r e c t i o n .  

Figure 3.14a d e p i c t s  low hydraul ic  g rad ien t s  ( 1  x 10- 4 m/m) no r th  and 

south of the WIPP s i t e .  The low grad ien t  no r th  of the  WIPP s i t e  is 
defined by minor head d i f f e rences  between t h e  MIPP-28, WIPP-27, 
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WIPP-30, DOE-2, H-5, and H-6 boreholes. The low grad?.ent south of the 

WIPP s i t e  is defined by the  minor head d i f f e rences  between the  H - 1 1 ,  

H-17, P-17, H-4, CB-1, H-12, and H-7 boreholes. Hydraulic g rad ien t s  
are higher ( 4  x 10-3 m/m) i n  t he  nor th-cent ra l  and c e n t r a l  por t ions  of 
the s i t e ,  These higher g rad ien t s  appear consistent; with the  lower 
t r a n s m i s s i v i t i e s  wi th in  t h i s  region. However', t h e  i n i t i a l  

t r ansmiss iv i ty  d i s t r i b u t i o n  w i t h  low transmissivities i n  t he  area of 
H-4,  CB-1, P-17, and H-17 does not  seem t o  be cons i s t en t  with t h e  

observed low grad ien t s  immediately south  of t h ' i  southern s i t e  
boundary. Th i s  implies t ha t  the  estimated t r ansmiss iv i ty  f i e l d  i n  
t h i s  region does not adequately represent  the a c t u a l  t r a n s m i s s i v i t i e s  
and w i l l  have t o  be modified dur ing  the  c a l i b r a t i o n  of t he  model i n  
order t o  reproduce t h e  observed heads. 

The es t imat ion  e r r o r s  (F igure  3 .14b)  are highest beyond the edges of 
t h e  areas defined by observed data ( i . e . ,  west of WIPP-27 and east of 
WIPP-28, WIPP-30, and H-5) .  The errors only  reflect one standard 

devia t ion  of t h e  kr iged  undis turbed freshwater-head estimates and do 
not  incorpora te  the unce r t a in ty  i n  the observed-head data. However, 
estimates of the unce r t a in ty  of the observed heads w i l l  be used t o  
determine when the s t e a d y - s t a t e  model is considered calibrated. That 
is, the  d i f f e rence  between the calculated and obzierved heads a t  a 
given borehole w i l l  be compared t o  the uncer ta in ty  (expressed as one 
s tandard dev ia t ion )  of t h e  observed head. If the d i f f e rence  between 
the ca l cu la t ed  and observed heads is less than or equal t o  the 

uncer ta in ty  associated wi th  the observed head, then  t h e  match a t  t h a t  

given l o c a t i o n  w i l l  be considered adequate. I n  doing t h i s ,  t he  amount 
of changes t o  the i n i t i a l  t r ansmiss iv i ty  f i e l d  required t o  match 
observed heads having re la t ively high uncer ta in ty  w i l l  be reduced. A 

more detailed desc r ip t ion  of the  approach used during c a l i b r a t i o n  is 
discussed i n  Sect ion 4.3.1. 
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3.7.4 Hydraulic S t r e s s e s  Since 1981 

Since the  summer of 1981, the freshwater-head d i s t r i b u t i o n  i n  t h e  

Culebra dolomite has been influenced by d r i l l i n g  and excavat ing three 
shafts ( w a s  te-hand1 ing s h a f t ,  cons t ruc t  ion and sal t -hand1 ing shaf t  , 
and exhaust sha f t )  at t h e  cen te r  of t he  WIPP s i te  (see chronology and 
d iscuss ion  o f  shaf t -cons t ruc t ion  a c t i v i t i e s  i n  Appendix G I .  In 
a d d i t i o n ,  s eve ra l  wells have been d r i l l e d  o r  r e -cmple t ed  i n  t h e  model 
area and numerous we l l - t e s t ing  a c t i v i t i e s ,  sane of v e r y  long  du ra t ions  
(e.g. ,  H-4 tracer t e s t ) ,  have been conducted s ince  1981 (Appendix E ) .  

Consequently, t h e  hydrologic condi t ions  at t h e  beginning of or during 
the H-3 and WIPP-13 multipad pumping tests cannot be considered t o  be 
undisturbed. Haug e t  a l .  (1987) i l lustrated the large drawdown cone 
caused by the d i f f e r e n t  a c t i v i t i e s  a t  the WIPP s i t e  s ince  1981. The 

center  of the  drawdown cone coincides  with the l o c a t i o n  of the  shaf t s .  

The diameter of the drawdown cone w a s  about 7 km and  t he  depth w a s  
about 33 m a t  t h e  s h a f t  l o c a t i o n .  The drawdowns a t  wel l s  H-1 and H-2 
reached maxima of 12.2 m and 7.1 m ,  r e spec t ive ly  (Haug e t  a l . ,  1987).  

The implementation of these d is turbances  a t  the WIPP s i t e ,  which a r e  
t r a n s i e n t  by their  na tu re ,  was achieved using the  wellbore submodel of 
SWIFT I1 (Reeves e t  a l . ,  1986a). This submodel allows injection or 
withdrawal of water from the model a t  s p e c i f i e d  l o c a t i o n s  ( i . e . ,  a t  
t h e  well l o c a t i o n s ) .  Details of the  implementation are d iscussed  i n  
Chapter 5. S imi l a r ly ,  t he  H-3 mul t ipad  and WIPP-13 mul t ipad  pumping 

tests were implemented using t h e  above-mentioned wellbore submodel. 
This  implementation is also discussed i n  detail  i n  Chapter 5. 

3.7.5 I n i t i a l  Boundary Conditions 

, " %  
' 1  

The Culebra dolomite along the e a s t e r n  boundary of t h e  model area is  
characterized by extremely low t r a n s m i s s i v i t i e s  and n e g l i g i b l e  flow. 
The e a s t e r n  boundary w a s  t he re fo re  considered t o  be reasonably 
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represented as a no-flow boundary. Prescribed-pressure boundaries 
with prescr ibed formation-water d e n s i t i e s  were a p p l i e d  t o  the  

nor thern ,  southern ,  and western boundaries. Freshwater heads were 
estimated at  the o u t e r  edges of all g r id  blocks along the  no r th ,  
south ,  and western model boundaries using AKRIP with the best 
estimates of the  undisturbed freshwater heads (Table  3.5) a t  
observat ion wells. nese  grid-block-edge values were then used t o  
c a l c u l a t e  the  forma t i o n  pressures a t  grid- bloc k-center e l eva t ions  
along the model boundaries. During the s imula t ion ,  t h e  prescribed 
pressures are maintained along the  outer edges of the  model area. 

3.8 Formation-Fluid Dens i t ies  

3.8.1 Data Base 

The formation-f luid-densi ty  data base (Appendix F) w a s  compiled and 
evaluated t o  determine the  most recent  and most reliable f lu id -dens i ty  
information a v a i l a b l e  fo r  the Culebra dolcxnite. The p r inc ipa l  sources  
used i n  compiling the data base include ( t h e  reader is referred t o  
Appendix F for the complete l i s t i n g  of data sources): 

1 hydrogeologic and hydrologic data reports (Mercer, 1 983 ; I N T E R A  
and Hydro Geo Chem, 1985; INTERA, 1986; Sau ln ie r  e t  a l . ,  1987; 
Stensrud e t  a l . ,  1987) ;  

2) geochemistry r e p o r t s  (Robinson, 1987 ; Uhland and '3andal1, 1986 ; 
Uhland et  a l . ,  1987);  and 
unpublished INTERA and Hydro Geo Chem notes  from f i e l d  logbooks. 3) 

The Robinson (1987) report provides a good a n a l y s i s  of t h e  f l u i d -  

dens i ty  data a v a i l a b l e  before 1987. She discusses the  i n t e g r i t y  of 
previous formation-f luid samples and sugges ts  which values can be 

considered r ep resen ta t ive  of the  formation. However, s ince  
publ ica t ion  of her report, new d e n s i t y  data have been published i n  
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Uhland e t  a l .  (1987). These authors  present  f l u id -dens i ty  data from 
the  WIPP Water Q u a l i t y  Sampling Program being performed t o  expand the  

geochemical data base and t o  e s t a b l i s h  background values  f o r  var ious  
geochemical c o n s t i t u e n t s  i n  Rustler ground waters. 

The present  s tudy  has attempted t o  i n t e g r a t e  the  data contained i n  the  

above reports and f i e l d  notes  t o  determine which formation-f luid-  
dens i ty  values are most r ep resen ta t ive  of i n - s i t u  formation f l u i d s .  
Unfortunately,  s e v e r a l  WIPP-area boreholes have not  had s u f f i c i e n t  
pumping t o  remove d r i l l i n g  f l u i d s  still  present  i n  the  formation 
around the boreholes. ?bus, we have evaluated the f lu id -dens i ty  data 
base and determined formation-f luid-densi ty  va lues  we be l i eve  are most 
r ep resen ta t ive  of i n - s i t u  ground waters (Table  3 . 6 ) .  A detailed 

desc r ip t ion  of the methodology used i n  t h e  eva lua t ion  of the represen- 
t a t iveness  of t h e  f lu id -dens i ty  values  is discussed i n  Haug e t  a l .  

(1  987). 

3.8.2 Estimation of Formation-Fluid Dens i t ies  Over Modeled Region 

The f lu id -dens i ty  data deemed r e p r e s e n t a t i v e  of the Culebra were used 
t o  estimate the formation-f luid d e n s i t i e s  over t h e  model region. The 

general ized k r ig ing  code, AKRIP, ca l cu la t ed  the estimates of f l u i d  

d e n s i t i e s  which were assigned t o  the  model gr id  b l o c k s .  Densities 
ranging from 1 .OO t o  1.06 g/cm3 occur  i n  a wide reg ion  extending frm 
boreholes WIPP-28 t o  H-7b (F igure  3.15). Higher f l u i d  d e n s i t i e s  were 
estimated east of t h i s  reg ion  with values  ranging from 1.08 t o  1 .16  

g/cm3 along the e a s t e r n  boundary. The area of the model w i t h  the  

h ighes t  uncer ta in ty  i n  f lu id -dens i ty  values  occurs  a long t h e  e a s t e r n  
boundary. Data i n  t h i s  area were esLimated frcxn the west-east t rend  
i n  the  observed values. Fluid-densi ty  values i n  t h e  c e n t r a l  region of 
the  model area have lower u n c e r t a i n t i e s  due t o  t h e  larger number of 
boreholes located there. 

Grs 
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A t  t h i s  po in t ,  s eve ra l  remarks should be made regard ing  the use of the 

estimated formation d e n s i t i e s  i n  t he  model. Geochemical evidence 
(Sec t ion  2.5) sugges ts  that  t h e  chemical c o n s t i t u e n t s  within t h e  

Culebra dolomite may not  be a t  s t eady  state wi th  the present  flow 
f i e ld .  Therefore,  us ing  the observed formation-f1u:td d e n s i t i e s  as a 
c a l i b r a t i o n  parameter du r ing  s t e a d y - s t a t e  flow simuleltion would not  be 
va l id .  For t h i s  reason,  t h e  formation-f luid d e n s i t i e s  estimated f o r  
each of the g r id  blocks were held cons t an t  for  all node1 s imula t ions .  
Th i s  allowed inc lus ion  of  the observed d e n s i t y  d i s t r i b u t i o n  and t h e  

effects that  va r i ab le  d e n s i t i e s  have on t h e  present-day flow f i e l d .  
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4.0 SIMULATION OF FLOW UNDER UNDISTURBED HYDROLOGIC CONDITIONS 

( PRE-SHAFT) 

The s imula t ion  of  ground-water flow i n  t h e  Culebra dolomite w a s  performed 
us ing  t h e  fol lowing approach. I n i t i a l l y ,  the  boundary condi t ions  of t he  

conceptual model and t h e  system parameters (such as s t o r a t i v i t y ,  t r a n s -  
mis s iv i ty ,  and var ious  system cons tan ts ,  Table 3.3) were defined based on 
the  documented data base. Using these data, a s imula t ion  w a s  performed t o  
assess how well t h e  i n i t i a l  estimates of the  system parameters reproduced 
the observed, undis turbed freshwater heads. Subsequent changes t o  the  

i n i t i a l  estimates of the boundary condi t ions  and t r a n s m i s s i v i t y  f i e l d  were 
implemented as requi red  t o  minimize the d i f f e rence  between the ca l cu la t ed  
and observed heads. The model was considered calibrated when the differ- 

ence between the  ca l cu la t ed  and observed freshwater heads was less than 
the uncer ta in ty  (as defined by one standard dev ia t ion )  ass igned t o  each 
observed freshwater head. Because some observed va lues  are more unce r t a in  
than  others, ass igning  one o v e r a l l  I t thresholdft  value ( i . e . ,  one or  two 
meters) wi th in  which t h e  d i f f e rences  should l i e  d i d  no t  seem adequate.  

* 

The r e s u l t s  of the i n i t i a l  and f i n a l  c a l i b r a t e d  s imula t ions  and a more 
detailed explana t ion  of the  t echn ica l  approach are presented i n  the  

fol lowing s e c t i o n s .  

4.1 Initial Conditions 

The system parameters which comprise t h e  components of t h e  i n i t i a l  model 
condi t ions  have been previous ly  described i n  Sec t ion  3. The conceptual  
model, described i n  Sec t ions  1 and 3, is a two-dimensional s t e a d y - s t a t e  
flow system with v a r i a b l e  f l u i d  d e n s i t i e s  and formation e l eva t ions .  The 
cur ren t  f l u i d - d e n s i t y  d i s t r i b u t i o n  is assumed t o  'nave been created by a 
flow system d i f f e r e n t  from the  one e x i s t i n g  today, wi th  l i t t l e  
modif icat ion as y e t  by t h e  cu r ren t  flow system. Therefore ,  t h e  f l u i d  

* 
A s  d iscussed i n  Sec t ion  3.7.1, ttobserved freshwater heads" refer t o  
equiva len t  freshwater heads ca l cu la t ed  from depth-to-water and 
t ransducer-pressure measurements. 
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d e n s i t i e s  were simulated as s p a t i a l l y  f i x e d ,  i . e . ,  no t r a n s p o r t  of b r ine  
is ca l cu la t ed  i n  t h e  s t eady- s t a t e  model. Furthermore, no sources, 
s i n k s ,  or  v e r t i c a l  f l u x  are considered i n  t h i s  conceptua.1 model for the  

undisturbed hydrologic  condi t ions.  

The i n i t i a l  model parameters are descr ibed i n  Sec t ions  3.3 through 3.8. 
The i n i t i a l  t r a r i smis s iv i t i e s  ass igned to each model g r i d  block are the 

general ized kr iged estimates obtained using t h e  code A K R I P  

(Sec t ion  3.5.3.2).  The i n i t i a l  boundary condi t ions  ('Table 4 . 1 )  were 
estimated f rom the observed freshwater-head d i s t r i b u t i o n  and the kr iged 
dens i ty  d i s t r i b u t i o n  (Sec t ions  3.7.3 and 3.8.2) .  The t r a n s m i s s i v i t i e s  
and t h e  i n i t i a l  boundary condi t ions  are t h e  c a l i b r a t i o n  parameters used 
i n  the s imulat ions.  However, because the boundary condi t ions  are 
constrained by the observed freshwater-head data, the' t r ansmiss iv i ty  
d i s t r i b u t i o n  is t h e  more important c a l i b r a t i o n  parameter.  

4.2 I n i t i a l  Steady-State  Simulation 

After e s t a b l i s h i n g  the i n i t i a l  boundary condi t ions  and t h e  i n i t i a l  model 

parameters descr ibed above, t he  i n i t i a l  s imula t ion  of s t e a d y - s t a t e  flow 
i n  the  Culebra w a s  performed. The r e s u l t s  of t h i s  i n i t i a l  run are sum- 
marized i n  Figures  4.1 and 4.2. Figure 4.1 illustrates the ca l cu la t ed  
freshwater  heads der ived from the ca l cu la t ed  formaticin pressures  and 
assigned f l u i d  d e n s i t i e s .  The d i f f e rence  between t h e  ca l cu la t ed  and 

observed heads is shown i n  Figure 4.2. 

Figure 4.2 demonstrates that  the ca l cu la t ed  heads i n  t h e  i n i t i a l  
s imulat ion do not reproduce t h e  observed heads. The dif:ferences between 
the ca l cu la t ed  and t h e  observed heads have high negatiive values  (more 
than -10 m )  i n  the nor th-cent ra l  p a r t  of the  modeled region and 
r e l s t i v e l y  small p o s i t i v e  values  i n  t h e  southern part. of the modeled 

region (Tab le  4 .2) .  The high negat ive values  reflect the d i f f e rence  
between the  low ca lcu la t ed  values  and t h e  high observed values  i n  t h e  
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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. Positive differences occur around H-11, DOE-1, H-4, 
P-15, P-17, CB-1, and H-17, indicating that the calculated heads at 
these wells are too high. The highest positive difference occurs at 

i 

H-11 where the calculated head is 4.6 meters higher than the observed 
head. 

Changes to the initial transmissivity distribution and boundary 
conditions can be used to improve the agreement between calculated and 
observed heads. Unfortunately, changes to improve the agreement in the 
northern region will) generate a poorer agreement in the southern region, 
i.e., higher, posittve head differences south of the WIPP site. Thus, 
changes in the ini'tial 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). 'Ihe 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, (1 983). In principle, universal 
kriging (K603) or generalized kriging (AKRIP) could be used for the 
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model c a l i b r a t i o n .  As discussed  i n  Sec t ion  3.5,3.3,  AKRIP w a s  
selected because of its c a p a b i l i t y  t o  incorpora te  locial t r e n d s  i n  the 
observed t r ansmiss iv i ty  data i n t o  t h e  kr iged t r ansmiss iv i ty  estimates. 

The loca t ions  and va lues  of the  p i l o t  po in t s  are determined by the 

head d i f f e rences  of the previous s imula t ion .  That. is, after each 
s imula t ion ,  new information on t h e  response of the model t o  changes i n  
the  t r ansmiss iv i ty  f i e l d  is obtained.  A t  tha t  time, the  effect of the 

altered t r ansmiss iv i ty  f i e l d  i n  minimizing the head d i f f e rences  is 
evaluated.  A c r i t e r i o n  has been devised t o  determine whether or not  
large-scale t r ansmiss iv i ty  f e a t u r e s  should be added t o  match the 
observed head values .  If the d i f f e r e n c e  between the c a l c u l a t e d  and 
observed heads a t  a given l o c a t i o n  is greater than twice the  
unce r t a in ty  of the observed value ( i . e . ,  two s tandard  devia t ions) ,  

then in t roducing  large-scale t r ansmiss iv i ty  f e a t u r e s ,  such as 
increas ing  the t r a n s m i s s i v i t y  up or  down g rad ien t  of a p a r t i c u l a r  
area, is considered j u s t i f i e d .  

Table 4.2 lists the d i f f e r e n c e s  between the i n i t i a l  ca l cu la t ed  and 
observed freshwater heads and the va lues  equiva len t  t.o the  unce r t a in ty  
( 1  0) of the observed head for  each borehole. The head d i f f e rences  i n  
the nor thern  p a r t  of the modeled reg ion  are l a r g e r  than twice the 

unce r t a in ty  of the  observed heads. The large negat ive  d i f f e rences  are 
due t o  a lack of s u f f i c i e n t  ground-water f l u x  from the nor thern  
boundary of the model. Therefore, a s s ign ing  h ighw heads along the 

nor thern  boundary and higher t r a n s m i s s i v i t i e s  upgradient from the  

wells w i t h  l a r g e  nega t ive  d i f f e r e n c e s  is j u s t i f i e d .  

Once a s u f f i c i e n t  number of t r ansmiss iv i ty  p i l o t  po in t s  were added t o  
reduce the head d i f f e rences  below 20 a t  each borehole, loca l - sca l e  
t r ansmiss iv i ty  f e a t u r e s  were used t o  reduce the  head d i f f e rences  t o  
below 1 0  at  each borehole.  The model was considered calibrated when 
the head d i f f e rence  at each borehole  was less than or equal  t o  t he  

uncer ta in ty  of t h e  observed head. 
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4.3.2 The Steady-State  Calibrated Transmissivi ty  F i e l d  

The t r ansmiss iv i ty  f i e l d  that  is considered t o  reproduce the  observed 
freshwater-head d i s t r i b u t i o n  adequately,  hereafter referred t o  as the  

s t eady- s t a t e  calibrated t r a n s m i s s i v i t y  f i e l d ,  is shown i n  Figures  4.3 
and 4.4. 'Ihe s t eady- s t a t e  c a l i b r a t e d  t r a n s m i s s i v i t y  f i e l d  conta ins  
t h e  same broad features as the  i n i t i a l  t r a n s m i s s i v i t y  f i e l d  (F igure  
3.12a);  namely, increas ing  t r a n s m i s s i v i t y  from east t o  west and 

l o c a l l y  h igh  t r ansmiss iv i ty  around H-11 and DOE-1. 

The c a l i b r a t i o n  of the model gene ra l ly  proceeded fran the nor thern  
p a r t  t o  the  southern p a r t  of t he  model area. However, t o  reduce the 

number of s imula t ions  during c a l i b r a t i o n ,  s eve ra l  changes were of ten  
implemented i n  one s t e p .  The f i r s t  s t e p  du r ing  c a l i b r a t i o n  involved 
increas ing  the heads along t h e  nor thern  boundary, i nc reas ing  t h e  
hydraul ic  grad ien t  a long the  western boundary, and i nc reas ing  the  

t r a n s m i s s i v i t i e s  i n  t h e  nor thern  reg ion  of the model. These changes 
resulted i n  a higher ground-water f l u x  e n t e r i n g  the c e n t r a l  p a r t  of 
the  model, which increased t h e  heads i n  the  H-11 area because of the  

low t r a n s m i s s i v i t i e s  south  of H-11.  Therefore, the  t ransmiss iv i  ties 
i n  t h e  southern p a r t  of the model were increased  t o  l ldrainf l  the  

a d d i t i o n a l  flux e n t e r i n g  the c e n t r a l  part of t h e  model area. 

The ind iv idua l  changes t o  the i n i t i a l  t r ansmiss iv i ty  f i e l d  are as 
follows: 

1 .  Four p i l o t  po in ts  with t r a n s m i s s i v i t y  values  ranging from 2 x lo-' 

t o  3 x m 2 / s  were placed between the  nor thern  model boundary 
and the  W I P P - s i t e  boundary (F igure  4.3) .  These p i l o t  po in t s  
increased t h e  t r a n s m i s s i v i t i e s  just west of WIPP-28 and WIPP-30 

which increased t h e  ground-water f l u x  t o  t h e  nor th-cent ra l  region 
of t he  modeled area. In a d d i t i o n ,  f i v e  p i l o t  po in t s  were added 

(between P-17 and H-17) south of H-11 which increased  t h e  
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t r a n s m i s s i v i t i e s  south  of H-11 by one order of magnitude t o  
approximately 6 x 1 0-6 m 2 / s .  These changes s i g n i f i c a n t l y  reduced 
the d i f f e rences  between the ca l cu la t ed  and observed heads a t  most 
of the wells nor th  of the  WIPP s i te .  The head d i f f e rences  a t  H-1 , 
H-2, and H-3 were also reduced below the uncer ta in ty  of the 
observed values.  However, negat ive d i f f e rences  were s t i l l  present  
at P-14 ( -4 .1  m), WIPP-18 (-2.6 m), and WIPP-25 (-6.2 m) and 
p o s i t i v e  d i f f e rences  were still present  ( 2  t o  3 rn:l i n  the  H-11, 
DOE-1, and H-14 area. 

2. The second s t e p  dur ing  t h e  c a l i b r a t i o n  of the model was t o  reduce 
the  negat ive head d i f f e rences  a t  WIPP-25 and P-14. This required 
an increase  i n  the t r a n s m i s s i v i t i e s  i n  the northwestern area of 
the model t o  increase  the ground-water flow i n t o  the system. 
Pilot points were added to increase t h e  transmissivities slightly 

i n  t h i s  area t o  6 x m 2 / s .  I n  a d d i t i o n ,  a low--transmissivi ty  
region w a s  introduced south  of WIPP-25 and no r th  of P-14 t o  reduce 
the  f l u x  leaving  the WIPP-25 area (Figure 4 .3) .  The t ransmiss iv i -  
t i es  i n  t h i s  low-transmissivi ty  zone are a factor of 4 less than 
those  i n  the  i n i t i a l  kriged t r a n s m i s s i v i t y  f i e l d .  The low t r ans -  
missivities caused a damming effect which increased the heads a t  
WIPP-25, P-14,  and WIPP-18 such tha t  the  d i f f e rences  between the 

ca l cu la t ed  and observed heads were less than the u n c e r t a i n t i e s  of 
the  observed heads. However, because the ca l cu la t ed  head a t  WIPP- 

26 w a s  already 1 m higher  than the observed head, t h e  

t r a n s m i s s i v i t i e s  s o u t h  of WIPP-26 were increased by a f a c t o r  of 5 
t o  d r a i n  the  a d d i t i o n a l  f l u x  of ground water that was expected 
based on the above changes i n  the v i c i n i t y  of WIPP-2'5 and P-14. 

3. The t h i r d  s t e p  during c a l i b r a t i o n  w a s  t o  reduce t h e  2- t o  3-m head 

d i f f e rences  a t  DOE-1, H-11, and H - 1 4 .  The p i l o t  po in t s  i n  t h e  

area south  of H-11 were ad jus t ed  several times. The head 

d i f f e rences  were f i n a l l y  reduced below the u n c e r t a i n t i e s  of t he  

observed heads when t h e  t r a n s m i s s i v i t i e s  south  of H-11 were 
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increased t o  approximately 3 x m 2 / s .  Figure 4.3 i l l u s t r a t e s  
the area south  of H-11 tha t  has the higher t r a n s m i s s i v i t y  values.  
The t r ansmiss iv i ty  is depicted by a contour of -4.5 l o g  m2/s 

( 3  x T h i s  m 2 / s )  occu r r ing  west of H-17 and east of P-17. 
f e a t u r e  i s  less transmissive than t h e  one proposed i n  Haug e t  al .  
(1  987) .  

Figure 4 . 4  also i l l u s t r a t e s  the h igh- t ransmiss iv i ty  feature between 
H-17 and P-17. I n  the  i n i t i a l  k r i g e d  t r a n s m i s s i v i t y  f i e l d ,  expressed 
i n  terms of negat ive log t r a n s m i s s i v i t y  (Figure 3.131, t h e  area 
between P-17 and H-17 formed a h igh ly  r e s i s t i v e  barrier sou th  of 
H-11 .  This h i g h l y  r e s i s t i v e  barrier has now been reduced t o  allow 
ground water t o  flow south  frcm the area between H-11 and DOE-1. A 

more detailed d iscuss ion  of the s e n s i t i v i t y  of the c a l c u l a t e d  heads a t  
H - 1 1 ,  DOE-1, and H-14 t o  t h i s  h igh- t ransmiss iv i ty  feature is presented 
i n  Sec t ion  4.3.4. 

4.3.3 The Calibrated Steady-State Heads 

The calibrated steady-state heads were ca l cu la t ed  us ing  the boundary 
condi t ions  l i s t e d  i n  Table 4.3 and t h e  calibrated t r a n s m i s s i v i t y  f i e l d  

described i n  Sec t ion  4.3.2. Figure 4.5a shows the calibrated steady-  

s ta te  heads over t h e  model region.  ?he c a l c u l a t e d  head d i s t r i b u t i o n  
is q u i t e  similar t o  t h e  observed d i s t r i b u t i o n  (F igure  3.14a).  The 
g rad ien t s  i n  the calibrated head d i s t r i b u t i o n  agree wi th  t h e  g rad ien t s  
def ined by the  undisturbed heads,  i .e . ,  low g rad ien t s  no r th  and sou th  
of t h e  WIPP-s i t e  boundary and an  increased  gradien t  wi th in  t h e  

WIPP-si te  boundary. The largest f l u x  of ground water e n t e r s  the 

system along the  nor thern  model boundary west of WIPP-28 and flows 
predominantly sou th  toward WIPP-25 (Figure 4.5b)  Flow i n  the nor thern  
part of the WIPP s i te  is gene ra l ly  from nor th  t o  south .  A large 
por t ion  of the ground water wi th in  the WIPP-s i te  boundaries e n t e r s  t he  

h igh- t ransmiss iv i ty  zone sou th  of H-11 and e x i t s  the  modeled reg ion  
from the  c e n t r a l  p a r t  of the southern boundary east of H-7. 
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The Darcy v e l o c i t i e s  of the calibrated steady-state model were 
ca lcu la ted  by SWIFT I1 using t h e  t r ansmiss iv i ty  d i s t r i b u t i o n  
(Figure 4.31, t h e  s t eady- s t a t e  pressure  f i e l d  (Note: the  calibrated 
equiva len t  freshwater head d i s t r i b u t i o n  (Figure 4.5) is determined 
from ca lcu la t ed  pressures  a t  formation d e p t h ) ,  the  prescribed f l u i d -  
dens i ty  d i s t r i b u t i o n  (Figure 3.1 51, and the center-of-Culebra 
e l eva t ions  (Figure 3.4).  The Darcy v e l o c i t i e s  arl? def ined as the  

specific discharge per u n i t  c ross -sec t iona l  area normal t o  the 

d i r e c t i o n  of the  flow. In  a porous medium, estimates of the mean 
pore-water v e l o c i t y  are ca l cu la t ed  as t h e  Darcy ve ' toci ty  d iv ided  by 
the e f f e c t i v e  poros i ty .  However, a spat ia l ly-c!onstant  po ros i ty  

assigned f o r  the  e n t i r e  model area is u n r e a l i s t i c .  Therefore ,  on ly  
Darcy v e l o c i t i e s  are shown i n  Figure 4.5b. Such velocities should be 
in t e rp re t ed  as i n d i c a t o r s  f o r  t h e  flow direct ions and the relat ive 

importance of the  d i f f e r e n t  flow paths. 

Within the  modeled r eg ion ,  t he  Darcy-velocity vec to r s  range i n  value 
over s i x  o rde r s  of magnitude. me lowest v e l o c i t i e s  occur east of the 

WIPP s i t e ,  where the magnitude of the v e l o c i t y  vec to r s  is 
approximately 1 x m / s  (F igure  4.5b).  The highest v e l o c i t i e s  
occur  i n  t he  southern por t ion  of Nash Draw along t h e  western boundary 
of the  model, where the v e l o c i t i e s  are between 1 x t o  1 x 
m/s. South of WIPP-12, toward t h e  WIPP shaf ts ,  t he  Darcy-velocity 
magnitudes are approximately 2.5 x 10-l' t o  7.5 x 10-l' m/s. The 

v e l o c i t i e s  i nc rease  t o  approximately 2.5 x lo-' rrds i n  the  high- 
t r ansmiss iv i ty  zone south  of H - 1 1 .  me increase  i n  v e l o c i t y  is lower 
than expected from t h e  1 t o  2 o rde r s  of magnitude increase  i n  t h e  

t r a n s m i s s i v i t i e s  because t h e  g rad ien t  wi th in  t h e  area south  of H-11 is 
much lower than t h a t  t o  the  no r th  a t  t he  WIPP-si te  cen te r .  The 

ve loc i ty  vec tors  i n  t he  v i c i n i t y  of DOE-2 and i n  t h e  n o r t h e a s t  
quadrant of t h e  model area are misleading becausl? of t h e  Culebra 

e l eva t ion  changes t h a t  occur i n  these areas. Sect ion 4.3.6 discusses 
the  v e l o c i t i e s  i n  these areas i n  de ta i l .  
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The head d i f f e rences  ( t h e  c a l c u l a t e d  heads minus the  observed heads)  

f o r  the  calibrated model are i l l u s t r a t e d  i n  Figure 4.6. The 
u n c e r t a i n t i e s  of the observed heads and t h e  head d i f f e rences  are 
l isted on Table 4.4. All t h e  head d i f f e rences  are less than t h e  

u n c e r t a i n t i e s  of the observed heads except at H-7. 

The differences between t h e  ca l cu la t ed  and observed heads a t  boreholes  
i n  the v i c i n i t y  of H-11 are small and p o s i t i v e .  The maximum p o s i t i v e  
head d i f f e r e n c e  i n  t h i s  area occurs  a t  H-11, where the ca l cu la t ed  head 

is 1.5 rn higher than the observed head. The head d i f f e rences  a t  P-17 
and H-17 are -1.2 m and +0.9 m ,  r e spec t ive ly .  This c o n t r a s t  between 
negat ive and p o s i t i v e  va lues  impl ies  tha t  t h e  h igh- t ransmiss iv i ty  zone 
extending southward from H-11 should probably be located f u r t h e r  east 
of P-17 towards H-17 than it is i n  t h e  calibrated t r a n s m i s s i v i t y  f i e l d  

presented i n  Figure 4.3. However, t h e  d i f f e r e n c e s  a t  both P-17 and 
H-17 are less than the u n c e r t a i n t i e s  of the r e spec t ive  observed 
heads. The s e n s i t i v i t y  of the ca l cu la t ed  heads i n  t h i s  v i c i n i t y  t o  
the  h igh- t ransmiss iv i ty  zone was inves t iga t ed  and is presented i n  
detai l  i n  Sec t ion  4.3.4. 

Several  small changes t o  t h e  calibrated t r a n s m i s s i v i t y  f i e l d  could be 

introduced i n  f u t u r e  modeling s t u d i e s  t o  reduce the  head d i f f e rences  
l i s t e d  i n  Table 4.3. For example, t h e  head d i f f e rence  a t  H-7 could be 

reduced by implementing higher t r a n s m i s s i v i t i e s  between Nash D r a w  and 

H-7. This would channel flow from Nash Draw toward H-7 and inc rease  
t h e  ca l cu la t ed  head. Adjusting t h e  southern boundary condi t ions  would 
also affect  the  heads i n  t h e  H-7 area. This w a s  performed and is 
discussed i n  Sec t ion  4.3.5. I n  gene ra l ,  an inc rease  i n  the  s p e c i f i e d  
heads a long t h e  southern  boundary reduces t h e  head d i f f e r e n c e s  at H-7 
and increases  t h e  d i f  Perences between the ca l cu la t ed  and observed 

heads at H-11, DOE-1, and H-14 .  Theref o r e ,  even h igher  
t r a n s m i s s i v i t i e s  than are present  i n  t h e  calibrated model sou th  of H- 
1 1  (5 x m 2 / s >  would be requi red  i n  o rde r  t o  reproduce the  

observed heads a t  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 low7 m2/s, Beauheim 
(1987b). This value is obviously much less than the transmissivity 
proposed for the high-transmissivity zone (Figure 4.3). However, the 
low transmissivity at H-17 does not exclude the possibility that some 
type of high-transmissivity feature exists that provides a conduit for 
flow from the H-1 1 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 frm 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- 
1 1 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 Sectim 4.3.3 without 
the pilot points used to generate the high-transmissivity zone. The 
second simulation, case 2, employed the calibrated model with an 
intermediate-transmissivity zone south of H-11 in place of the high- 
transmissivity zone in the calibrated model. 

In case 1 ,  only one pilot point, located southwest of H-12, was 
included in the southern part of the model (Figure 4.7). In the 
initial transmissivity field (Figure 3.12a1, the transmissivities 
between H-17 and P-17 were approximately 6 x m2/s (log transmis- 
sivity of -6.2) and in Figure 4.7, the transmissivities in this area 
are about three times greater or approximately 2 x m2/s (log 
transmissivity of -5.75). 
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The t r ansmiss iv i ty  d i s t r i b u t i o n  used i n  case 1 (F igu re  4 . 7 )  is very 
similar t o  the  calibrated t r a n s m i s s i v i t y  d i s t r i b u t i o n  (Figure 4 .3) .  
Small changes occur because the p i l o t  p o i n t s  used t o  gene ra t e  t he  

h igh- t ransmiss iv i ty  zone inf luenced t h e  t r a n s m i s s i v i t y  estimates over  
the  southern  po r t ion  of the model region. 

The calculated heads for  case 1 are illustrated i n  Figure 4 . 8 .  The 

ca lcu la t ed  heads i n  the nor thern  and western parts of the model are 
very c l o s e  t o  t h e  observed heads (Figure 3.14a). However, t h e  

ca l cu la t ed  heads i n  t h e  area between H-15 and H-17 are s i g i f i c a n t l y  
higher ( 6  t o  8 m >  than the  observed heads. I n  a d d i t i o n ,  t h e  

ca l cu la t ed  g rad ien t s  i n  t h i s  region of the model are no t  t h e  same as 
those observed (Figure 3.1 4 a ) .  Figure 4.9 illustrates the  head 

d i f f e rences  over t h e  model region f o r  case 1 .  These d i f f e rences  are 
also l i s t e d  i n  Table  4 . 5 .  The major d i f f e rences  between t h e  observed 
heads and those c a l c u l a t e d  f o r  case 1 occur  i n  the southern  part of 
t h e  WIPP s i te .  The ca l cu la t ed  heads range  from three t o  f i v e  meters 
higher than  the observed heads i n  the v i c i n i t y  of H-1 (Tab le  4 .4 )  t o  a 
maximum d i f f e r e n c e  of 8.7 m a t  H-11.  The head d i f f e rences  sou th  of H- 
11 range from 5.5 m a t  H-17 t o  1 . 1  m at H-12.  The head d i f f e rences  
determined i n  case 1 imp ly  t ha t  a change more dramatic than  the 

three-fold inc rease  i n  the t r a n s m i s s i v i t y  va lues  between P-17 and H-17 
is necessary t o  reduce t h e  ca l cu la t ed  heads i n  t h i s  sou the rn  region of 
the model area. 

Case 2 was performed t o  determine the effect of in te rmedia te  
t r a n s m i s s i v i t i e s  ( 6  x m 2 / s )  sou th  of H-11 on  t h e  c a l c u l a t e d  
heads. This value is an order of magnitude greater than the i n i t i a l  
t r a n s m i s s i v i t i e s ,  a factor of three increase  greater than  the  case 1 

values ,  and an order of magnitude less than t h e  calibrated 

t r ansmiss iv i ty  i n  t h i s  area. Figure 4.10 shows t h e  t r a n s m i s s i v i t y  
d i s t r i b u t i o n  used for  case 2. As i n  case 1 ,  t h e  t r a n s m i s s i v i t i e s  are 
very similar t o  the calibrated t r ansmiss iv i  ties except  i n  the area 
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south of H-11 .  The ca lcu la t ed  heads f o r  t h i s  s imula t ion  are 
i l l u s t r a t e d  i n  Figure 4 . 1  1 .  The ca lcu la t ed  heads no r th  and west of 
the WIPP s i t e  agree  well with the observed heads (Figure 3 . 1 4 a ) .  

Figure 4.12 shows t h a t  as i n  case 1 ,  the d i f f e rences  between the  

calculated and observed heads increases  s i g n i f i c a n t l y  between H - 1 5  and 
H-11 .  The magnitudes of the head d i f f e rences  (Table 4 . 6 )  are less ' 

than those  ca l cu la t ed  f o r  case 1 ,  but  t h e  3- t o  5-meter d i f f e rences  i n  
t he  v i c i n i t y  of H-11 are still r e l a t i v e l y  high. Therefore ,  as 
expected, even higher t r a n s m i s s i v i t i e s  than used i n  case 2 are 

required south of H-11 t o  reduce the  head d i f f e rences  a t  H-11 , DOE-1, 

and H-14 .  

I n  summary, two s imula t ions ,  case 1 and case 2, were performed t o  
demonstrate t h e  need f o r  the h igh- t ransmiss iv i ty  zone between P-17 and 

H-17  which w a s  introduced while c a l i b r a t i n g  the model t o  reduce the 

d i f f e rences  between the ca l cu la t ed  and observed heads a t  H - 1 4 ,  DOE-1, 

and H-11 . The calibrated t r a n s m i s s i v i t i e s  between P - 1 7  and H - 1 7  are 
approximately 5 x rn2/s, or approximately 1 . 5  o rde r s  of magnitude 
higher than t h e  t r a n s m i s s i v i t i e s  used i n  case 1 ( 2  x 1 0 -  m / s ) ,  and 
one order of magnitude higher than t h e  t r a n s m i s s i v i t i e s  used i n  case 2 
( 6  x m2/s>. The head d i f f e rences  f o r  case 1 i n  the  v i c i n i t y  of 
H-1 1 ranged from 5.3 t o  8.7 m. I n  case 2 ,  the head d i f f e rences  were 
reduced by approximately 3.5 m from those  i n  case 1 .  I n  conclusion,  
with the present  data base, the inc rease  i n  t h e  t r ansmiss iv i ty  between 
P - 1 7  and H - 1 7  is necessary t o  reduce t h e  head d i f f e rence  a t  H-11 below 

6 2  

t h e  t /  

4.3.5 

2-m uncer ta in ty  of t h e  observed H-11 head. 

S e n s i t i v i t y  of the Calculated Heads t o  t h e  Southwestern 
Boundary Conditions 

A t h i r d  s imula t ion ,  case 3,  was performed t o  determine the effect  t h a t  

changing the heads along t h e  southwestern boundaries of the model 
would have on the ca l cu la t ed  heads a t  H-7 and i n  t h e  v i c i n i t y  of H-1 1 . 
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The calibrated t r ansmiss iv i ty  d i s t r i b u t i o n  (F igure  4.3) w a s  used f o r  
t h i s  s imulat ion.  The specified hydraul ic  grad ien t  a long  the  lower 
half of the western boundary w a s  lowered t o  approximately 7.5 x 
d m ,  s l i g h t l y  less than  the calibrated mdel's g rad ien t  of 9 x lo-' 

d m .  The change i n  grad ien t  raised the specified head a t  the 

southwest corner  of the model area from 910 m amsl i n  t h e  cal ibrated 

model t o  911 m amsl f o r  case 3. Also, the specified heads along t h e  

western half of t h e  southern boundary were raised by 2 rn. T h i s  

increase  i n  t h e  specified heads i n  t h e  southwest part of the model 
area e s s e n t i a l l y  lowered the r eg iona l  hydraul ic  grad ien t  between t h e  

nor thern  and southern  boundaries. 

The ca lcu la t ed  heads f o r  t h e  case 3 s imula t ion  are shown i n  Figure 
4.13. I n  t h e  nor thern  p a r t  of t h e  WIPP s i t e ,  the  ca l cu la t ed  heads at 
DOE-2, WIPP-13, and H-6 are s l i g h t l y  g r e a t e r  (0 .2  t o  0.4 in) than t h e  

heads f o r  the calibrated model. The inc rease  i n  the heads becanes 

greater i n  the southern  h a l f  of the WIPP s i t e  where heads a t  t h e  H-3,  
H - 1 4 ,  and H-15 boreholes were increased by an average of 1 .6  m. The 

increase  i n  ca l cu la t ed  heads sou th  of H - 1 4  w a s  approximately the  wine 
as a t  H-11 and H-7, which had inc reases  of 1 .9  rn. 

Figure 4 . 1 4  shows the  d i f f e rence  between t h e  c a l c u l a t e d  and  observed 

heads f o r  case 3. The d i f f e r e n c e  a t  H-7 w a s  reduced below its 1 in 

unce r t a in ty  value.  Hcwever, the head d i f f e r e n c e s  i n  the v i c i n i t y  of 
H-11 were increased  t o  va lues  above the observed-head u n c e r t a i n t i e s  
(Table  4.7).  Therefore,  higher t r a n s m i s s i v i t i e s  south  of H-11 than 
those used i n  t h e  calibrated model would be r equ i r ed  t o  reduce the  

head d i f f e rences  i n  t h i s  po r t ion  of the  model area. Future modeling 
e f f o r t s  would r equ i r e  cont inua t ion  of these c a l i b r a t i o n s  w i t h  a 
va r i ab le  t r a n s m i s s i v i t y  d i s t r i b u t i o n  and changes t o  t h e  spcif ' ied 

heads along t h e  western and southern boundaries. 
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4.3.6 Apparent Local Maxiina and Minima i n  t h e  Calculated Freshwater 
Heads 

Equivalent freshwater heads are a common u n i t  used t o  represent  
formation pressures  over a given area or  a t  a borehole :Location. For 
t h i s  reason, t he  formation pressures i n  t h i s  s tudy arc' presented i n  
equiva len t  f reshwater  heads. However, freshwater heads are l i m i t e d  i n  
t he i r  use as a direct  ind ica to r  of ground-water flow d i r e c t i o n  because 
the  equivalent-freshwater-head equat ion ( Appendix E)  ignores  the 

gravi ty- re la ted  pressure  t ha t  is  generated i n  a variable e l eva t ion ,  
s a l i n e  ground-water system. This  condi t ion can lead t o  l o c a l  maxima 
or minima i n  the equivalent-freshwater  heads. For example, t h e  

ca l cu la t ed  freshwater heads i n  Figures  4.5, 4.8, 4.11, and 4.13 have 
two l o c a l  h ighs  occurr ing a long  t h e  e a s t e r n  no-flow boundary. A local 
low also occurs between WIPP-30 and H-5 (the 935-rn contour l i n e ) .  The 

following paragraphs expla in  the reasons f o r  these l o c a l  highs and 
lows i n  the ca l cu la t ed  freshwater-head d i s t r i b u t i o n .  

A detailed i l l u s t r a t i o n  of the center-of-Culebra e l e v a t i o n s  ( m  amsl) 
i n  the nor theas t  quadrant of t he  model is shown i n  Figur? 4.1 5. Three 
minima occur i n  the Culebra e l e v a t i o n  map. Two of these minima are 
loca ted  along t h e  e a s t e r n  boundary of t h e  model area, one along the 

northern part of the boundary and one i n  the central .  part of the 

e a s t e r n  boundary d i r e c t l y  east of t h e  WIPP s i te .  The t h i r d  e l eva t ion  
l o w  occurs  i n  t h e  area between DOE-2 and WIPP-11. Each of these low- 
e l eva t ion  areas forms a t rough or l o c a l  depression within areas of 
relatively s i g n i f i c a n t  e l eva t ion  changes. The e l e v a t i o n  low occurr ing 
along t h e  northern p a r t  of the e a s t e r n  boundary is  based on a Culebra 
e l eva t ion  from Davies (1988).  The elevations def in ing  t h e  low 
occurr ing  i n  the  c e n t r a l  part of t h e  e a s t e r n  model-area boundary are 
estimated by AKRIP based on the  local t rends  observed i n  the  nearby 
data i n s i d e  t h e  modeled area. The low area between DOE-2 and WIPP-11 

is  def ined by s t r a t i g r a p h i c  data from the  logs of those two wells 
(Mercer e t  a l . ,  1987; and Sandia National Laborator ies  and U.S. 

Geological Survey, 1982). 
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A detailed r ep resen ta t ion  of the model-calculated freshwater heads i n  
the  nor theas t  quadrant of the  model area is  illustrated i n  Figure 

4.16. Local maxima coincide wi th  the  three minima i n  t h e  Culebra 
e l eva t ions  shown i n  Figure 4.15. The l o c a l  extremes i n  freshwater  
heads i n  t h i s  p a r t  of the model area are due t o  gravity-induced 
pressures generated by t h e  rap id  changes i n  ad jacent  grid-block 
e l eva t ions .  S ign i f i can t  e l eva t ion  changes between ad jacent  gr id  

blocks inc rease  the  pressure  i n  t he  lower-elevation g r i d  block by the 

weight of the column of water assumed t o  e x i s t  between t h e  two g r i d  

blocks. The equation used t o  convert  t h i s  pressure  t o  equiva len t  
freshwater head assumes tha t  t h i s  column of water has a d e n s i t y  equal  
t o  1 .O g/cm3. I n  the  nor theas t  quadrant of t h e  model a r e a ,  however, 
the f l u i d  d e n s i t i e s  range from 1.05 g/m3 t o  1 .16 g/em3. This range 
of f l u i d  d e n s i t i e s  coupled with the v a r i a t i o n  i n  t he  Culebra 

e l eva t ions  i n  the WIPP area can genera te  local freshwater-head 

anomalies of up t o  5 rn. 

The Darcy-velocity equat ion is: 

k AP Veloci ty  = - C, - u 
Az < P  * g “ $ 3  ( 4 . 1 )  

where k is the harmonic-mean permeabi l i ty  between adjacent g r i d  
blocks,  u is f l u i d  viscosity, AP is the pressure d i f f e r e n c e  between 

ad jacent  g r i d  blocks,  d is the  d i s t ance  along one of the  p r i n c i p a l  
axes ,  x ,  y ,  o r  z between ad jacent  g r i d  blocks, p is t h e  mean f l u i d  

d e n s i t y  of adjacent  g r i d  blocks,  g is g r a v i t y ,  and Az is t h e  

d i f f e rence  of adjacent  grid-block c e n t e r  e l eva t ions .  The f i r s t  term 
accounts  f o r  t h e  d r iv ing  force due t o  pressure  d i f f e rences  between two 
adjacent  g r i d  blocks,  and t h e  second term accounts f o r  the  gravi ty-  
induced pressures  generated by e l eva t ion  and f lu id -dens i ty  effects. 
Veloc i t ies  are calculated i n  t h e  x and y d i r e c t i o n s  because of the  

assumption used f o r  modeling t h e  Culebra as a confined a q u i f e r  with no 
vertical f l u x .  

- 
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The ca lcu la t ed  Darcy v e l o c i t i e s  (F igure  4.5b) are accura t e  represen- 
t a t i o n s  of t h e  flow d i r e c t i o n s  given the  assumption of porous-medium 
flow and the  boundary condi t ions  used i n  the model. The y-components 
of the v e l o c i t y  vec tors  over  t he  model region are gene ra l ly  o r i en ted  
south ,  even i n  t he  areas where the local freshwater highs occur.  One 
except ion occurs  i n  the nor theas te rn  corner  of the  model area where 
t h e  two terms on t h e  right-hand s i d e  of Equation ( 4 . 1 )  are the  same 
wi th in  the  limits of d i s c r e t i z a t i o n  and the accuracy of' the algorithm. 
These terms are a l s o  approximately t h e  same i n  the v i c i n i t y  of DOE-2. 

This  r e s u l t s  i n  un re l i ab le  v e l o c i t y  magnitudes and d i r e c t i o n s .  

The importance of accounting f o r  t he  gravity-induced pressure  o r  
g rav i ty - r e l a t ed  d r iv ing  force i n  the  WIPP area has a l s o  been described 
by Davies (1987). He p re sen t s  a modif ied form of Darcy's law incorpo- 

r a t i n g  the va r i ab le  d e n s i t y  and e l eva t ion  e f f e c t s  2nd i n v e s t i g a t e s  
changes i n  t h e  flow d i r e c t i o n s  generated by incorpora t ing  gravi ty-  
related dr iv ing  fo rces .  I n  summary, t h e  l o c a l  freshwater-head maxima 
or  minima i l lus t ra ted  i n  Figures 4.5, 4.8, 4 . 1 1 ,  and 4.13 are  der ived 
from the choice of present ing  the data i n  the u n i t  of equiva len t  
freshwater head. The v e l o c i t y  vec to r s  i l lus t ra ted  i n  Figure 4.5b are 
accurate r ep resen ta t ions  of t h e  flow d i r e c t i o n  excepc i n  areas where 
the d i f f e rence  between t h e  two components of the v21ocity equat ion  
(Equation 4 .1  is  small, such as i n  the no r theas t  corner of the model 
area. 

4 . 4  Calculated Particle Travel Times i n  t h e  Model Region - 

In  a s t eady- s t a t e  flow f i e l d ,  p a r t i c l e  travel times ca l cu la t ed  using 
mean pore-water v e l o c i t i e s  are .god  i n d i c a t o r s  of t h e  travel times d u e  

s t r i c t l y  t o  t h e  changes i n  permeabi l i ty  and hydraul ic  grad ien t  over a 
p a r t i c u l a r  area, b u t  should be i n t e r p r e t e d  r e l a t i v e  t o  t h e  s p a t i a l l y -  

constant  poros i ty  used i n  t he  ca l cu la t ion  of mean pore-water 
v e l o c i t i e s .  The particle t r a v e l  times should also be in t e rp re t ed  
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r e l a t i v e  t o  t he  u n c e r t a i n t i e s  associated w i t h  t h e  permeabilities and t h e  

hydraul ic  grad ien ts .  Unce r t a in t i e s  i n  , t h e  permeabili  t ies and the  

ca l cu la t ed  pressures  used i n  the c a l c u l a t i o n  of  the hydrau l i c  g rad ien t  
generate  v a r i a t i o n s  i n  t h e  p a r t i c l e  t r a v e l  pa ths  and times from a given 
release po in t ,  whereas u n c e r t a i n t i e s  i n  t h e  p o r o s i t i e s  d i r e c t l y  affect 

t h e  v a r i a t i o n s  i n  t he  p a r t i c l e  t r a v e l  time a long  a given path. I n  
Andrews e t  a l .  (1987) ,  the importance of  cons ider ing  both particle 
t r ave l -pa th  unce r t a in ty  and p a r t i c l e  t r a v e l -  time unce r t a in ty  is 
demonstrated us ing  a s ta t i s t ica l  sampling approach from d i s t r i b u t i o n s  of 
the hydrogeologic parameters a t  the bedded s a l t  s i t e  i n  Deaf Smith 

County, Texas. 

In  t h i s  s tudy ,  a s i g n i f i c a n t  po r t ion  of  the u n c e r t a i n t i e s  of the  

permeabilities i n  t h e  WIPP-site area can be der ived  from t h e  es t imat ion  
e r r o r s  of the t r ansmiss iv i ty  f i e l d  (F igure  3.12b). The u n c e r t a i n t i e s  of 

t h e  observed t r ansmiss iv i ty  va lues  m u s t  a l s o  be considered. The 
u n c e r t a i n t i e s  of the observed heads (Table  3.5) o r i g i n a t e s  from the 

u n c e r t a i n t i e s  i n  t he  borehole-f luid d e n s i t i e s  and the  t r e n d s  observed i n  
the  hydrographs f o r  t h e  WIPP-area boreholes (Appendix E ) .  Given t h e  

u n c e r t a i n t i e s  a s soc ia t ed  wi th  t he  hydro logic  data from the  breholes  at 
the  WIPP-s i t e ,  t he  particle t r a v e l  times presented i n  t h i s  s e c t i o n  
should be considered uncer ta in .  They are presented t o  i l lus t ra te  the  

range i n  particle t r a v e l  times i n  t h e  calibrated s t e a d y - s t a t e  model 
us ing  t h e  s t eady- s t a t e  calibrated t r a n s m i s s i v i t i e s  and a s p a t i a l l y -  
cons tan t  po ros i ty  of 16 percent .  

Calcu la t ions  were performed for t h e  release of seven particles i n  t h e  

flow f i e l d  def ined by t h e  s t eady- s t a t e  calibrated heads. O f  these 
seven, three were released a long  t h e  western h a l f  of the no r the rn  
boundary t o  determine t h e  t r a v e l  times wi th in  t h e  model area 
r ep resen t ing  Nash Draw. The fou r  other particles were released wi th in  
t h e  W I P P - s i t e  boundary a t  l o c a t i o n s  co inc ident  with H-5, H-6, H-18, and 
a poin t  corresponding t o  t h e  cen t ro id  of t h e  underlying r e p o s i t o r y  which 
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was considered the base-case release poin t  i n  Reeves e t  a l .  (1987).  
Figure 4.17 i l l u s t r a t e s  the p a r t i c l e  t r a v e l  pa ths  fo r  a l l  seven 
p a r t i c l e s .  The pa ths  are cons i s t en t  w i t h  the  v e l o c i t y  vec to r s  
i l l u s t r a t e d  i n  Figure 4.5b. The shortest t r a v e l  time9 occur i n  the  

western p a r t  of the model area where p a r t i c l e s  A and B have values  of 
approximately 450 and 975 yea r s ,  r e spec t ive ly .  Both of these p a r t i c l e s  
t r ave led  d i r e c t l y  sou th  i n  the  area rep resen t ing  Nash Draw where t h e  

Darcy v e l o c i t i e s  range from 1 x m / s  t o  1 x m i ' s .  Particle C 

i n i t i a l l y  t r a v e l s  southward but is redirected toward the area 
represent ing  Nash Draw where t h e  major i ty  of the ground water e n t e r i n g  
the model along t h e  nor thern  boundary eventua l ly  flows. Particle C has 

a t r a v e l  time of 2 .8  x l o 3  years  which is less than one order  of 
magnitude g r e a t e r  than the t r a v e l  times for particles A and B. 

The t r a v e l  pa th  of p a r t i c l e  D ,  o r i g i n a t i n g  a t  H-6, is o r i en ted  southwest 
because t h e  ground-water flow i n  t h i s  area is o r i en ted  away fran the  

r e l a t i v e l y  low t r a n s m i s s i v i t i e s  south  of H-6. Tne t r a v e l  pa th  is 
eventua l ly  redirected sou theas t  toward H-7 and e x i t s  the southern  model 
boundary wi th  a to ta l  p a r t i c l e  t r a v e l  time of 1.6 x l o 4  years .  
Particle E w a s  released from a l o c a t i o n  co inc ident  w i t h  H-5 and e x i t s  
the model area fran t h e  southern boundary i n  1 . 4  x 1 0 6  years .  The 

ca lcu la t ed  t r a v e l  time fo r  Particle E is very long  because of the  low 
ca lcu la t ed  Darcy v e l o c i t i e s  ( 1  x to  1 x 10-l' m/s) nea r  the  

e a s t e r n  WIPP-site boundary and because Particle E does. not  e n t e r  t h e  

high-veloci ty  zone between H-17 and P-17 which is generated by the  high- 

t r ansmiss iv i ty  zone described i n  Sec t ion  4.3.2. 

Particles F and G were released i n  the  c e n t r a l  p a r t  of t h e  WIPP s i t e .  
The release point  f o r  Particle F is s l i g h t l y  sou th  of H-18.  The 

p a r t i c l e  then  t r a v e l s  southeas t  toward H-3, e n t e r s  t he  h igh-ve loc i ty  
zone between H-17 and P-17 and reaches the  southern  model boundary i n  
5.8 x 10 years .  Particle G w a s  released i n  t h e  Culeb,?a from a poin t  
co inc ident  wi th  the c e n t r o i d  of t h e  underlying r epos i to ry  area. This 

4 
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crs release po in t  w a s  used as the base-case release po in t  i n  Reeves e t  a l .  
( 1  987). The ca lcu la ted  particle t r a v e l  time for  Particle G t o  reach the 

about one-third of the to ta l  t r a v e l  time t o  the southern  model boundary 

and the  southern  WIPP-site boundary as the accessible environment, the 

particle t r a v e l  time t o  the accessible environment determined for  
particle G i n  t h i s  s tudy  is approximately 2.5 times longer  than  the  

t r a v e l  time t o  t h e  accessible environment (southern WIPP-si te  boundary) 
presented i n  Reeves e t  a l .  (1987). The inc rease  i n  p a r t i c l e  t r a v e l  time 
i n  t h i s  s tudy  is p r imar i ly  due t o  t h e  lower ground-water v e l o c i t i e s  
south of H-3 generated by the  lower t r a n s m i s s i v i t i e s  i n  t he  v i c i n i t y  of 
H-11.  This inc rease  i n  t r a v e l  time should be considered q u a l i t a t i v e  
s ince  a d d i t i o n a l  model c a l i b r a t i o n  is ye t  to  be completed 

(see Sec t ion  5 ) .  

southern WIPP-s i t e  boundary is approximately 1.3 x 10 4 years, which is 

(3.6 x 10 4 yea r s ) .  Assuming a porous-medium equiva len t  po ros i ty  of 0.16 

63 
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5.0 SIMULATION OF TRANSIENT RESPONSES RESULTING FROM SHAFT ACTIVITIES 

AND WELL TESTS 

The focus of t h i s  modeling s tudy  is t o  s imula te  the  undis turbed hydrologic  
condi t ions  and the  t r a n s i e n t  behavior of the Culebra dolomite i n  response 
t o  t he  H-3 and WIPP-13 multipad pumping tests. 'Ihe s imula t ion  of these 
tests was conducted t o  assess how well the  steady-state calibrated model 

reproduces the t r a n s i e n t  tests performed i n  t h e  Culebra. ?he fo l lcwing  
Sec t ions  5.1, 5.2, and 5.3 describe t h e  f i v e  t r a n s i e n t  s imula t ions  
performed i n  t h i s  study. 

A l l  of the s imula t ions  u t i l i z e  the c a l c u l a t e d  heads of the  calibrated 
steady-state model (Figure 4.5) as the  i n i t i a l  condi t ion.  The i n i t i a l  or  
'base-case t r a n s i e n t  s imula t ion  also used the  t r a n s m i s s i v i t i e s  of the 

calibrated steady-state model. The other f o u r  t r a n s i e n t  s imula t ions  were 
conducted t o  eva lua te  t he  effect t h e  model t r a n s m i s s i v i t i e s  and 

s t o r a t i v i  t ies  have on t h e  ca l cu la t ed  t r a n s i e n t  freshwater heads. The f i rs t  
two s e n s i t i v i t y  s imula t ions  used t h e  base-case s t o r a t i v i t y  but had 

d i f f e r e n t  t r ansmiss iv i ty  d i s t r i b u t i o n s  than  the base case. A factor-of- 
two inc rease  i n  t h e  calibrated t r a n s m i s s i v i t i e s  was used i n  the  f i r s t  case 
and a factor-of-two decrease i n  t h e  calibrated t r a n s m i s s i v i t i e s  was used 
i n  t h e  second case. The other t w o  s e n s i t i v i t y  s i m u l a t i o n s  u s e d  the base- 

case t r ansmiss iv i ty  d i s t r i b u t i o n  but changed the  base-case model 
s t o r a t i v i t y  va lues  by factors of 2.5 and 0.5. 

The t r a n s i e n t  s imula t ions  include the hydrau l i c  tests and other a c t i v i t i e s  
t h a t  caused s i g n i f i c a n t  hydraul ic  stresses on the  Culebra.  The most 
important d i s turbance  of t he  hydrologic system dur ing  r ecen t  years was 
caused by excavat ing the shaf t s  at t h e  cen te r  of the  WIPP s i t e  
(Appendix G I .  The t r a n s i e n t  s imula t ions  i n  t h i s  modeling s t u d y  inc ludes  
the e n t i r e  s h a f t  h i s t o r y  extending from its beginning i n  J u l y  1981 t o  t h e  

present  ( la te  1987). For convenience, January 1 ,  1981 was selected as t h e  

beginning of the s imula t ion  time scale. The time-step s i z e  s e l e c t i o n  
c r i te r ia  f o r  t h e  s imula t ions  are desc r ikd  i n  Appendix G.  
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Well tests at H-2, H-3, H-4, and WIPP-13 were also included i n  the  

t r a n s i e n t  s imulat ions.  Descr ip t ions  of these tests are also contained i n  
Appendix G. Many other we l l - t e s t ing  and water-quali ty-sampling a c t i v i t i e s  
have been conducted at t h e  WIPP s i t e  and could be  implemented i n  t he  

t r a n s i e n t  s imulat ion.  In  genera l ,  most of these are of s h o r t  du ra t ion  
with r e l a t i v e l y  small impacts on the hydro logic  cond i t ions  i n  the  

Culebra. We have selected tests of longer  durai;ion which have 
s i g n i f i c a n t l y  stressed the Culebra i n  the v i c i n i t y  of H-3 o r  WIPP-13. 
This  w a s  done t o  inco rpora t e  the hydrologic  stresses present  during the 

beginning of the H-3 and WIPP-13 m u l  t i p a d  pumping tests. 

The observed t r a n s i e n t  data are presented i n  terms of freshwater heads 

which requi red  knowledge of representat ive borehole-f luid d e n s i t i e s  
(Appendix E).  Because borehole-f luid d e n s i t y  is  an unce r t a in  parameter, a 
specific symbol has been used i n  t h e  figures showing the p l o t t e d  t r a n s i e n t  
hydrographs to express the unce r t a in ty  i n  the t r a n s i e n t  freshwater heads 

ca l cu la t ed  from the  d e n s i t i e s  i n  Table E.2. The symbol used is a v e r t i c a l  
l i n e ,  i n d i c a t i n g  the unce r t a in ty  associated wi th  the f reshwater-head 
va lue ,  wi th  a ho r i zon ta l  t i c  mark which corresponds t o  the best estimate 
of the f reshwater-head value (Sect ion 3.7.2) .  

5.1 I n i  tiral Trans ien t  Simulat ion Using the  Steady-State Calibrated 

Model 

The details of the shaf t  a c t i v i t i e s  which h y d r a u l i c a l l y  stressed t h e  

Culebra and t h e  tests performed a t  t h e  WIPP-area boreholes which were 
used i n  t h e  t r a n s i e n t  s imula t ion  are presented i n  Appendix G. 

Sec t ions  5.1.1 t o  5.1.9 describe t h e  i n i t i a l  t r a n s i e n t  s imulat ion 
performed using t h e  t r a n s m i s s i v i t y  d i s t r i b u t i o n  and boundary cond i t ions  
of t h e  s t eady- s t a t e  calibrated model. The i n i t i a l  s imula t ion  is a lso  
referred t o  as the base-case t r a n s i e n t  s imula t ion  i n  later s e c t i o n s .  
Additional c a l i b r a t i o n  was not  performed t o  improve t h e  r e s u l t s  
determined i n  t h e  i n i t i a l  s imula t ion .  Transient  c a l i b r a t i o n  r e q u i r e s  an 
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i t e r a t i v e  procedure which inc ludes  changing local t r a n s m i s s i v i t i e s  and 
s t o r a t i v i  ties t o  improve the ca l cu la t ed  t r a n s i e n t  r e s u l t s  while 

maintaining t h e  calibrated steady-state f i t  t o  the  observed heads. This 

type  of procedure w i l l  be done i n  the  t r a n s i e n t  s imula t ions  included i n  
f u t u r e  modeling s t u d i e s .  

5.1.1 Simulation of the E a r l y  Shaft Pressure His tory  

The effects of the e a r l y  shaft pressure  h i s t o r y  i n  1981 and 1982 were 
observed a t  H-1, H-2, and t o  a lesser ex ten t  a t  H-3 (Stevens and 

Beyeler, 1985) (Figure 5.la). A t  H-1,  t h e  ca l cu la t ed  drawdown 
r e s u l t i n g  frm the  first exposure of the cons t ruc t ion  and s a l t  
handling (C & SH) sha f t  t o  atmospheric pressure  is greater than  the  

observed drawdown. The subsequent i nc rease  i n  calculated head a t  H-1, 

generated fran the  s imulat ion of the  f i l l i n g  of the  C & SH shaft with 

b r ine ,  is higher than the observed head. The lack of a g r e m e n t  
between the  simulated and observed heads implies  tha t  ( 1 )  t he  model 

t r a n s m i s s i v i t i e s  between the  C & SH shaft  and H-1 are too high, and/or 
( 2 )  t he  model s t o r a t i v i t y  ( 2  x between the  C & SH shaft  and H-1 
is  too low. 

The magnitude of ca l cu la t ed  drawdown at  H-2 and H-3 dur ing  the  early- 
s h a f t - h i s t o r y  time period is approximately t he  same as the  observed 
drawdown at both boreholes. Hmever, the calculated heads a t  H-2 are 
genera l ly  5 m lower than  t h e  observed heads. This head d i f f e rence  
implies  tha t  the model t r a n s m i s s i v i t i e s  between the C & SH shaft and 

H-2 are too high, o r  t h a t  t he  model s t o r a t i v i t y  is too low. The 
calculated freshwater heads at H-3 gene ra l ly  agree wi th  the observed 
heads du r ing  t h i s  per iod ,  i nd ica t ing  t h a t  t he  model parameters between 
the shaf t  l o c a t i o n  and the  H-3 hydropad have approximately 
r ep resen ta t ive  values.  

HO 9700 R55 4 5-3 



The e a r l y  shaft  pressure  h i s t o r y  probably caused very s t rong  head 

changes a t  WIPP-21 and WIPP-22, and t o  a lesser ex ten t  a t  WIPP-19 and 

WIPP-18. Hcwever, because these wells were not  completed as Culebra 
observa t ion  wells u n t i l  the summer of 1985, no observ1.d data e x i s t  
from these wells for  the  years  1981 and 1982. 

5.1.2 Simulation of the Open-Shaft Period 

The drawdown cone caused by ground-water leakage i n t o  the open shafts 

during 1982 through 1985 (Appendix G, Sec t ion  (3.2.2) has been observed 
a t  H-1, H-2, and t o  a lesser ex ten t  at H-3. The drawdown caused by 

the  open shafts would also have been observed at the wells WIPP-21, 
WIPP-22, WIPP-13, and WIPP-18 i f  they had been recompleted i n  the  

Culebra before 1985. In gene ra l ,  the ca l cu la t ed  t r a n s i e n t  heads are 
about 10 m lower than t h e  observed heads (Figure  5.la) i n d i c a t i n g  t h a t  

the t r a n s m i s s i v i t y  and/or s t o r a t i v i t y  d i s t r i b u t i o n  i n  the v i c i n i t y  of 
the shafts must be modified t o  o b t a i n  a better agreement between the  
observed and the calculated t r a n s i e n t  head data. 'he effect of 
ad jus t ing  the  model t r a n s m i s s i v i t i e s  and s t o r a t i v i t i e s  on t h e  calcu- 
lated t r a n s i e n t  heads is demonstrated and discussed i n  Sec t ions  5.2 
and 5.3. 

5.1.3 Simulation of the Shaft Leakage After Shaft Sea l ing  

I n  summer 1985, the  exhaust s h a f t  w a s  sealed (Appendix G ) .  This 

reduced considerably the  leakage of ground water from the  Culebra i n t o  
t h e  shafts (Figure 5.2) .  The observed freshwater-head increase caused 
by the exhaus t -shaf t  s e a l i n g  is shown on t h e  p l o t  of calculated and 
measured t r a n s i e n t  freshwater heads fo r  t h e  shaft loca t ion  
(Figure 5 . lg) .  The f lu id -p res su re  recovery due t o  t h e  sea l ing  of the  

exhaust  shaft can also be recognized a t  H-1 and H-2 (Figure 5. la) , but 
t he  head response is complicated by t h e  recovery from the H-3 
step-drawdown test. Tnus, i t  is d i f f i c u l t  t o  quant i fy  t he  specific 
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response a t  H-1 and H-2 due t o  t h e  shaf t  s e a l i n g  i n  summer 1985. 
A response t o  the s e a l i n g  of the exhaust shaf t  may have occurred at 
the DOE-1 and H-11 boreholes (Figures  5 . l b  and 5 . 1 ~ ) .  However, 
pumping a t  H-1 1 dur ing  t h e  same period of t he  shaf t  s e a l i n g  has made 
the i d e n t i f i c a t i o n  of a sha f t - sea l ing  response i n  t h e  observed 
t r a n s i e n t  data d i f f i c u l t .  The recovery could have probably been 
i d e n t i f i e d  a t  t h e  WIPP wells no r th  of the  shaf t  l o c a t i o n s  i f  these 
wells had not been undergoing recompletion or recovering f rm 
recomplet ion.  

5.1.4 Simulation of the H-2 Well Tests 

The response t o  the hydrologic and tracer tests a t  H-2 dur ing  1983 and 
1984 were incorporated i n t o  t h e  model as described i n  Appendix G ,  

Sec t ion  G.3.1. The production rates dur ing  the tests are shown i n  
Figure 5.3. Compared t o  t h e  o t h e r  well tests incorporated i n t o  t h e  

t r a n s i e n t  s imulat ion (Appendix G I ,  these tests were on ly  minor 
hydrologic stresses on the  Culebra dolomite. Thus, t he  effects of the 

H-2 well tests are not  pronounced a t  H-1 and H-3 (Figure 5 . l a ) .  Tie 
head data f o r  H-2 d i s p l a y  cons iderable  scatter apparent ly  as a result 
of both t e s t i n g  a t  H-2 and a c t i v i t i e s  a t  t h e  shaf ts  and o t h e r  
hydropads. H-2 has a lso had a complicated d e n s i t y  h i s t o r y  which adds  

fur ther  s c a t t e r  t o  the data. Therefore, i t  is d i f f i c u l t  t o  assess 

whether o r  not t he  calculated response t o  t h e  H-2 well tests 
adequately represents the  actual response.  

5.1.5 Simulation of t h e  H-3 Convergent-Flow Tracer Test 

The H-3 convergent-flow tracer test  performed from Apri l  t o  June 1984 
is d i scussed  i n  Appendix G ,  Sect ion G.3.2. The production rates 
dur ing  t h e  H-3 convergent-flow tracer tes t  are shown i n  Figure 5.3. 
The calculated drawdown a t  t h e  H-3 hydropad i n  response t o  t h i s  t es t  
(Figure 5 . l a )  is twice the observed drawdown. T h i s  impl ies  that  1 )  
t h e  c a l i b r a t e d  t r a n s m i s s i v i t y  i n  t he  H-3 hydropad area is too  low, 
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63 
and/or 2) the  s t o r a t i v i t y  i n  the v i c i n i t y  of the 13-3 hydropad i s  
greater than  the s t o r a t i v i t y  of 2 x used i n  t h e  model. 

The ca lcu la t ed  drawdowns i n  the sp r ing  of 1984 at H-1 and H-2 

(Figure 5.la) are approximately 6 m and 4 m ,  r e spec t ive ly .  Because 
the observed drawdowns a t  those wells due t o  the  H-3 convergent-flow 
tracer test cannot be e a s i l y  i d e n t i f i e d  due t o  the considerable  
scatter i n  the  observed data, it is d i f f i c u l t  t o  compare the  

ca l cu la t ed  and observed responses.  A t  H-1 1 , the  calculated drawdown 
cannot e a s i l y  be compared a g a i n s t  the observed because t h e  observed 
heads are inf luenced by a p r i o r  pumping tes t  conduc'ied a t  the  H-11 

hydropad which w a s  not included i n  the  s imula t ion  (F igure  5 . l b ) .  A t  

DOE-1, the  ca l cu la t ed  freshwater heads agree well with t h e  observed 

data (Figure  5.1 c> . 

5.1.6 Simulation of the H-3 Step-Drawdown Test 

The H-3 step-drawdown test conducted i n  June and Ju ly  1985 is 
described i n  Appendix C,  Sec t ion  C.3.3. The product ion rates f o r  t he  

test are shown i n  Figure 5.3. Similar t o  t he  response observed f o r  
the convergent-flow tracer tes t ,  the  ca l cu la t ed  drawdown at  the H-3 
hydropad (F igure  5.la) is twice the  observed drawdown. The magnitude 
of the observed and ca l cu la t ed  drawdowns a t  H-1 and H-2 are 
approximately the same (Figure  5.1 a > .  

A s  wi th  the convergent-flow tracer tes t ,  t he  step-drawdown t e s t  caused 
small responses a t  DOE-1 and 13-1 1. I n  both wells, t h e  calculated and 

observed drawdowns are i n  good agreement. However, the ca l cu la t ed  
recovery is much slower than  the observed. T h i s  i n d i c a t e s  that  the  

model t r a n s m i s s i v i t i e s  between H-3 and DOE-1 and between H-3 and H-11 

are probably adequate and tha t  o t h e r  f a c t o r s  are causing t h e  

d i f f e rences .  
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5.1 . 7  Simulation of the H-3 Multipad Pumping Test 

The I-I-3 multipad pumping test conducted from October through December 
1985 is discussed i n  Appendix G ,  Sec t ion  G.3.4. The pumping rates are 
shown i n  Figure 5.3 and the ca l cu la t ed  and observed t r a n s i e n t  respon- 
ses a t  t h e  H-1, H-2, and H-3 l o c a t i o n s  are i l l u s t r a t e d  i n  Figure 5 . l a .  
The ca lcu la t ed  drawdown a t  the  H-3 hydropad is aga in  two times greater 
than t h e  observed drawdown i n  the pumping well H-3b2 (lowermost values  
of the  H-3 hydrograph i n  Figure 5.la).  The observed data a t  H-1 and 
H-2 e x h i b i t  drawdown and recovery i n  response t o  t h e  H-3 multipad 
test .  A t  H - 1 ,  t h e  observed and ca l cu la t ed  drawdowns have about the  

same magnitude r e l a t i v e  t o  t he  p r e t e s t  f l u i d  l e v e l s ,  whi le  a t  H-2 t h e  

observed drawdown is scmewhat l a r g e r  than  the c a l c u l a t e d  drawdown. I n  
both wells, t h e  observed recovery is slower than  the  c a l c u l a t e d  
recovery. Unfortunately,  reliable observed data f o r  these wells are 
not a v a i l a b l e  fo r  the periods dur ing  the  H-3 convergent-flow tracer 
test and t h e  H-3 step-drawdown test. Therefore, i t  is d i f f i c u l t  t o  
i d e n t i f y  whether t h e  disagreement between H-1 and H-2 c a l c u l a t e d  and 
observed data from the  H-3 multipad pumping test  is caused by us ing  
non-representat ive model parameters such as t r a n s m i s s i v i t y  o r  by other 
hydrologic  d is turbances  such as pressure  changes i n  t h e  shafts.  

A response t o  the H-3 mult ipad pumping t e s t  w a s  also observed at H-11 

and DOE-1. The ca lcu la t ed  drawdowns match t h e  observed drawdowns 
q u i t e  well. However, as i n  t h e  previous responses t o  H-3 t e s t i n g ,  t h e  

ca l cu la t ed  recovery a t  both wells is slower than  the observed 
recovery.  

The maximum drawdown observed dur ing  the  H-3 multipad pumping t e s t  a t  
WIPP-21 was 10 m (Figure 5.le).  The other WIPP wells i n  the  v i c i n i t y  
of the  shafts had drawdowns less than WIPP-21. Slow recover ies  were 
also observed. "he f l u i d  d e n s i t i e s  i n  the  WIPP wells i n  t h e  v i c i n i t y  
of the s h a f t s  during the pumping and recovery per iods  of the  H-3 
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mult ipad  t e s t  are not  well known. Therefore,  i n  t h e  following 
d iscuss ion  only the  r e l a t i v e  changes i n  freshwater head are 
considered, rather than the abso lu te  magnitudes of’ t h e  freshwater  
heads. 

A comparison of t h e  r e l a t i v e  changes i n  t he  ca l cu la t ed  drawdowns and 
the observed changes i n  heads a t  WIPP-21, WIPP-22, and WIPP-19 shows 
tha t  the responses t o  t h e  H-3 multipad tes t  calculated by the model 

were much smaller than those  observed. The disagreement between t h e  

ca l cu la t ed  and t h e  observed data implies that  either t h e  model 
t ransmiss iv i  t ies used are not r ep resen ta t ive  of the  a c t u a l  
t r a n s m i s s i v i t i e s ,  or t ha t  sane o t h e r  event caused the ex ten t  of 
drawdown a t  WIPP-21, WIPP-22, WIPP-19, and wIPP-18 t o  the no r th  of the 
WIPP shafts. Considering tha t  t h e  observed drawdown at  WIPP-21 is 

larger than t h a t  observed a t  H-1, a rather high pemieabi l i ty  feature 
would be required between H-3 and WIPP-21 t o  produce such a 
response. A t  p r e sen t ,  no data e x i s t  t o  support  a pos tu la ted  high- 
t r ansmiss iv i ty  feature between WIPP-21 and H-3. An a1 t e r n a t  i ve 
explanat ion of the WIPP-21 response is presented j n  t h e  fol lowing 
paragraph. 

Transducer measurements i n  the  Culebra i n  the  waste-handling shaf t  

(Figure 5.1 g )  showed a sudden pressure  drop dur ing  the H-3 multipad 
pumping tes t ,  similar t o  the  observed water- level  response a t  ‘vJIPP-21. 

Tine equivalent-freshwater-head drawdown a t  t h e  waste-handling shaf t  is 
more than twice as l a r g e  as t h e  observed drawdown a t  11-1. Haug e t  a l .  
(1987)  proposed tha t  during the H-3 mul t ipad  pumping t e s t ,  a d d i t i o n a l  
leakage of ground water from the Culebra occurred i n  one of t he  

shaf ts ,  thus  causing the sudden pressure  drop. T h i s  s cena r io  was 
simulated i n  Haug e t  a l .  (1987)  and w a s  shown t o  improve the 

reproduction of t h e  responses a t  t h e  WIPP wells dur ing  the  H-3 pumping 
test. Haug e t  a l .  (1987)  concluded that t h e  proposed a d d i t i o n a l  
leakage a t  one of the shafts could  exp la in  t h e  observed responses i n  
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WIPP-21, WIPP-22, and WIPP-19, and that  it could account f o r  t h e  
smaller calculated drawdowns and slower observed recover ies  of H-1 and 
H-2. Implementation and fur ther  inves t iga t ion  of this hypothesis  w a s  
not  performed i n  the present  modeling s tudy .  

5.1.8 Simulation of t h e  H-4 Convergent-Flow Tracer Test 

The convergent-flow tracer test a t  the H-4 hydropad conducted between 
October 1982 and October 1984 is descr ibed i n  Appendix G ,  Sec t ion  
(3.3.5, and the pumping rates dur ing  t h e  test are g raph ica l ly  shown i n  
Figure 5.3. The calculated and the observed t r a n s i e n t  heads a t  t h e  

H-4 hydropad are i l lustrated i n  Figure 5 . lb .  The ca lcu la t ed  drawdown 

during the  H-4 convergent-flow tracer tes t  is approximately two times 
greater than the observed drawdown i n  the  observa t ion  wells (H-Qa, 
H-4b), whi le  the  observed drawdown i n  the pumped well ( H - 4 ~ 1  w a s  much 
l a r g e r .  The ca lcu la t ed  rate of recovery,  however, appears  t o  agree  
with the  observed. This comparison of ca l cu la t ed  and observed 
responses t o  the H-4 tracer test i n d i c a t e s  t h a t  the model 
t r a n s m i s s i v i t i e s  employed i n  t h e  area of the H-4 hydropad are 
genera l ly  lower than t h e  a c t u a l  t r a n s m i s s i v i t i e s .  Because of the low 
t r a n s m i s s i v i t i e s  i n  the  v i c i n i t y  of H-4,  the  H-4 hydropad w a s  the  only 
loca t ion  t h a t  responded t o  t h e  pumping dur ing  the 3-4 convergent-flow 
tracer test .  

5.1.9 Simulation of t h e  WIPP-13 Multipad Pumping Test 

The WIPP-13 pumping tes t  conducted from January t o  February 1987 is 
described i n  Appendix G ,  Sect ion G.3.6. The pumping rates used i n  t h e  

model are i l lustrated i n  Figure 5.3. The ca l cu la t ed  and observed 
drawdowns a t  WIPP-13 are shown i n  Figure 5 . ld .  The calculated draw- 

down is approximately twice the observed drawdown, implying that  t h e  

s t eady- s t a t e  c a l i b r a t e d  t r ansmiss iv i ty  a t  'vJIPP-13 is probably too  low. 
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A detailed c a l i b r a t i o n  of t h e  model t o  t h e  observed t r a n s i e n t  
freshwater-head data was not  poss ib le  due t o  time c o n s t r a i n t s .  
Sec t ion  5.1 i n d i c a t e s  t h a t  adjustments  t o  t he  t r c m s m i s s i v i t i e s  and 

H 0 9 7 0 0 R 5 5 4  5 - 1  0 

n 

The c a l c u l a t e d  drawdowns at the H-6,  DOE-2, and P-14 boreholes are 
i l l u s t r a t e d  i n  Figures  5 . l b  and 5 . 1 ~ .  The r e l a t i v e  magnitudes and 
t iming of the  ca l cu la t ed  drawdowns and recover ies  compare well with 

the observed t r a n s i e n t  freshwater heads a t  these loca t ions .  This 

implies  that the calibrated t r a n s m i s s i v i t i e s  between these boreholes  
and WIPP-13 are probably close t o  the a c t u a l  t r a n s m i s s i v i t i e s .  

Wells WIPP-12, WIPP-18, WIPP-19, WIPP-21 , WIPP-22, WIPP-30, and ERDA-9 

also responded t o  the pumping a t  WIPP-13. The c a l c u l a t e d  and observed 
t r a n s i e n t  freshwater heads at these l o c a t i o n s  are shown i n  Figures  
5 . l d  and 5.le. The ca lcu la t ed  drawdowns are gene ra l ly  much lower t'nan 
the  observed drawdowns a t  these loca t ions .  For example, the maximum 
observed drawdowns a t  WIPP-12 and ERDA-9 are approximately 8 m and 

1 m, r e spec t ive ly .  The c a l c u l a t e d  drawdown a t  WIPP-12, however, is 
about 2 m and there was no i d e n t i f i a b l e  c a l c u l a t e d  drawdown at  ERDA-9, 
implying tha t  the a c t u a l  t r a n s m i s s i v i t y  and s t o r a t i v i t , y  d i s t r i b u t i o n s  
between WIPP-13 and the  o t h e r  WIPP wells are d i f f e r e n t  from those used 
i n  t he  model. The calibrated s t e a d y - s t a t e  model t r a n s m i s s i v i t i e s  
surrounding the  WIPP wells n e a r e s t  t o  the  shafts are approximately 
5 x loe7  m2/s. These r e l a t i v e l y  low t r a n s m i s s i v i t i e s  fotm a barrier 
t o  flow which reduces the magnitude of the  responses  a t  these wells 
due t o  pumping a t  WIPP-13. This causes  the c a l c u l a t e d  responses t o  be 

lower than  the observed responses.  It is also p o s s i b l e  tha t  a local 
f e a t u r e  with t r a n s m i s s i v i t i e s  similar t o  those a t  WIPP-13 with a 
s t o r a t i v i t y  lower than 2 x e x i s t s  between WIPP-13 and the  WIPP 

wells j u s t  no r th  of t h e  shafts. 

5.2 S e n s i t i v i t y  of the Trans ien t  Calcu la ted  Freshwater Heads t o  
Transmissivi tv  



c3 s t o r a t i v i t y  used i n  t h e  steady-state calibrated model are needed t o  
reproduce the t r a n s i e n t  responses.  To determine t h e  effect that  genera l  
changes i n  t he  t r ansmiss iv i ty  or s t o r a t i v i t y  have on the  c a l c u l a t e d  
t r a n s i e n t  freshwater heads, s e v e r a l  a d d i t i o n a l  t r a n s i e n t  s imula t ions  
were performed. The s e n s i t i v i t y  of t h e  ca l cu la t ed  freshwater heads t o  
model t r a n s m i s s i v i t i e s  is presented i n  t h i s  s e c t i o n ,  while the  

s e n s i t i v i t y  of the c a l c u l a t e d  t r a n s i e n t  freshwater heads t o  changes i n  
model s t o r a t i v i t i e s  is presented i n  Sec t ion  5.3. 

Two s imula t ions  were performed i n  which the steady-state calibrated 

t r a n s m i s s i v i t i e s  were changed by a cons tan t  f a c t o r  over  the e n t i r e  model 
area. The f i t  of the steady-state calibrated model t o  t h e  undis turbed 
heads was maintained because the  ca l cu la t ed  head d i s t r i b u t i o n  for  the  

s t eady- s t a t e  model remains t h e  same when t h e  boundary condi t ions  are 
f ixed  and the  t r a n s m i s s i v i t i e s  are globally changed by a cons tan t  
f a c t o r .  I n  t he  first s imula t ion ,  hereafter referred t o  as T-case 1 ,  a 
g loba l  m u l t i p l i e r  of 2 was app l i ed  t o  the grid-block t r a n s m i s s i v i t i e s  of 
t h e  calibrated steady-state model. This inc reases  t he  a b i l i t y  of t h e  

model t o  t r ansmi t  flow from one g r i d  block t o  another .  The second 
s imulat ion,  T-case 2, used a global t r ansmiss iv i ty  factor of 0.5 which 

reduced the a b i l i t y  of the  model t o  t ransmi t  flow. 

Both of these global changes i n  the model transmissivities caused 
changes i n  t he  hydraul ic  connection i n  the area around t h e  shaft  which 

affected the f l u x  of ground water d r a i n i n g  from t h e  Culebra i n t o  t h e  

shaft. To maintain the Culebra pressure observed a t  the sha f t ,  t h e  f l u x  
must increase  i f  the  t r ansmiss iv i ty  increases .  Conversely, t he  f l u x  
i n t o  the  sha f t  w i l l  decrease i f  the g loba l  model t r a n s m i s s i v i t y  
decreases. The ca lcu la t ed  t r a n s i e n t  freshwater heads determined i n  
T-case 1 and T-case 2 are shown i n  Figures  5 .4a through 5 . 4 k .  These 
s e n s i t i v i t y  s imula t ions  show, i n  gene ra l ,  that doubling the 
t r ansmiss iv i ty  over  t h e  e n t i r e  model improved t h e  f i t  between t h e  

ca l cu la t ed  and observed drawdown a t  the  var ious  pumping wells included 
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i n  the t r a n s i e n t  s imula t ion  (H-2, H-3, H-4, and WIPP-'13). Conversely, a 
50% decrease i n  the t r a n s m i s s i v i t i e s  (T-case 2) r e s u l t e d  i n  a poorer f i t  

between the ca l cu la t ed  and observed drawdowns a t  the pumping wells. 

5.2.1 S e n s i t i v i t y  of the  Shaft-Induced Responses t o  Transmissivity 
~ . .  

The s imula t ion  of the shaft pressure  h i s t o r y  during cons t ruc t ion  
showed that the f i l l i n g  of the C & SH shaft with b r ine  produced 
g r e a t e r  drawdowns and h igher  r ecove r i e s  than c a l c u l a t e d  by the steady- 
state model at  boreholes  H-1 , H-2, and H-3 (F igures  5.4a, 5.4b, and 
5 . 4 ~ )  when the t r a n s m i s s i v i t i e s  between the shaft and these wells were 
increased ,  and lower drawdowns and recover ies  when the t ransmiss iv i -  
t ies  were reduced. The response of the shafts'  g r i d  block during t h i s  
time period was determined by a series of pressure-cont ro l led  even t s  
which are d i f f e r e n t  from ra t e -con t ro l l ed  even t s  (Appendix G ) .  

During the e a r l y  shaft  h i s t o r y ,  the higher t r a n s m i s s i v i t i e s  used i n  
T-case 1 r e s u l t e d  i n  a larger f l u x  of ground water e n t e r i n g  the shaft  

from the formation and an inc rease  i n  the hydraul ic  connection between 
the shaft  and H-1, H-2, and H-3. This increase  i n  hydraul ic  
connection increased the d i s t a n c e  t o  which the  p re s su res  prescr ibed  a t  
the shaft  were t r ansmi t t ed .  When the g loba l  t r a n s m i s s i v i t i e s  were 
decreased, the f l u x  and the hydrau l i c  connection between H-1,  H-2, and 

H-3 and the shaf t  were a l s o  decreased, t h u s  reducing the c a l c u l a t e d  
responses. The ca lcu la t ed  response a t  H-1 t o  the shaft  pressure  
h i s t o r y  using lower t r a n s m i s s i v i t i e s ,  T-case 2, was much c l o s e r  t o  the 
observed response. However, the ca l cu la t ed  response a t  H-2 and H-3 i n  
the i n i t i a l  o r  llbase-casell t r a n s i e n t  s imula t ion  is better than  the 

r e s u l t s  determined i n  T-case 1 o r  T-case 2. 

The open-shaft period (1982-1985) and the recovery period after the 
s e a l i n g  of t n e  exhaust shaft ( Ju ly  1985) a l s o  proved t o  be s e n s i t i v e  
t o  g loba l  changes i n  t r ansmiss iv i ty .  'Ihe calculated responses 
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determined i n  T-case 1 produce a better f i t  t o  t h e  observed data. 
More adjustments t o  the hydrogeologic parameters of the  model w i l l  be 

needed t o  reduce the d i f f e rences  between the ca l cu la t ed  and observed 
responses i n  the v i c i n i t y  of the shaft  and extending t o  H-1 , H-2, and 

H-3. 

5.2.2 S e n s i t i v i t y  of the Calculated Responses from the H-3 Tests t o  
Transmissivi ty  

The ca l cu la t ed  and observed t r a n s i e n t  freshwater heads f o r  the 

base-case t r a n s i e n t  s imulat ion and the two s e n s i t i v i t y  s imula t ions ,  
T-case 1 and T-case 2, a t  the  H-3 hydropad are shown i n  Figure 5 . 4 ~ .  
The ca l cu la t ed  drawdown a t  H-3 f o r  T-case 1 agrees  well with t h e  

observed drawdown during the H-3 convergent-flow tracer test  and the 

H-3  step-drawdown test but  is s l i g h t l y  less than the observed drawdown 
during the H-3 multipad pumping tes t .  There is good agreement between 
the  ca lcu la ted  responses and t h e  observed responses during t h e  

recovery per iod of both of these tests. Conversely, lower g loba l  
t r a n s m i s s i v i t i e s  produced a poorer agreement between calculated a?d 

observed responses than w a s  determined f o r  t h e  base-case t r a n s i e n t  
s imulat ion.  

The ca l cu la t ed  responses at t h e  H-1 and H-2 boreholes t o  t he  H-3 tests 
were s i g n i f i c a n t l y  altered by v a r i a t i o n s  i n  the assigned 
t r a n s m i s s i v i t i e s .  The absolute magnitudes of t he  drawdowns a t  H-1 and 
H-2 were increased when t h e  t r a n s m i s s i v i t i e s  were lowered and reduced 

when the  t r a n s m i s s i v i t i e s  were raised. For H-1 and H-2, the best f i t  

t o  the observed relative drawdown and recovery rate was gene ra l ly  
obtained i n  the  base-case s imula t ion .  This implies  t h a t  the  

calibrated t r a n s m i s s i v i t i e s  between H - 1 ,  H-2, and H-3 are probably 
r ep resen ta t ive  and t ha t  the calculated responses a t  t h e  H-1 and H-2 

boreholes can be improved by reducing t h e  large drawdown caused by the  

shafts. 
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The ca lcu la t ed  responses fo r  the  base-case and s e n s i t i v i t y  s imula t ions  
fo r  the  H-11 and DOE-1 boreholes are shown i n  Figures  5.4f and 5.4g. 
A t  both loca t ions ,  a factor of two increase  i n  t he  global transmis- 
s i v i t i e s  improved both the ca l cu la t ed  drawdown and the ca l cu la t ed  
recovery f o r  the time per iod  after Apri l  1984 i n  r e s p m s e  t o  the  H-3 
tests. Therefore,  the  model t r a n s m i s s i v i t i e s  between H-3, DOE-1, and 
H-11 are s l i g h t l y  lower than necessary t o  reproduce the observed 
t r a n s i e n t  responses.  

5.2.3 S e n s i t i v i t y  of the  Calculated Responses from the  H-4 Test t o  
Transmissivi ty  

The ca lcu la t ed  and observed responses during the H-4 convergent-f low 
tracer test for  the base-case t r a n s i e n t  s imula t ion  and the two 
s e n s i t i v i t y  s imula t ions  are shown i n  Figure 5.4d. The b e s t  f i t  of t'ne 
ca l cu la t ed  responses  t o  the observed responses  occurred when the 

global t r a n s m i s s i v i t i e s  were two times the  base-case t r a n s m i s s i v i t i e s .  
The ca lcu la t ed  freshwater head va lues  are also much closer t o  the 

observed head values  than f o r  the  base case. Thus, t h e  model 
t r a n s m i s s i v i t i e s  i n  t he  H-4 area are s l i g h t l y  lower than necessary t o  
reproduce the  observed t r a n s i e n t  responses.  

5.2.4 S e n s i t i v i t y  of t h e  Calcu la ted  Responses frm t h e  WIPP-13 
Pumping Test t o  Transmissivi ty  

I n  the  base-case t r a n s i e n t  s imula t ion ,  t h e  ca l cu la t ed  drawdown at  
WIPP-13 during the  WIPP-13 multipad pumping test was approximately 
twice the  observed drawdown. An increase  i n  the  g loba l  model 
t r a n s m i s s i v i t i e s  by a factor of two s i g n i f  icant1.y reduced t h e  

d i f f e rence  between the  calculated and the  observed drawdowns as shown 
on Figure 5.4j .  A l t e rna t ive ly ,  i n  the T-case 2 s imula t ion ,  Figure 
5 .4 j  shows t h a t  mul t ip ly ing  t h e  global t r ansmiss iv i ty  by 0.5 created a 

g r e a t e r  calculated drawdown and delayed recovery a t  WIF'P-13. 
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The c a l c u l a t e d  drawdown of H-6 b e s t  r ep resen t s  the  observed drawdown 
when t h e  g loba l  t r a n s m i s s i v i t i e s  are decreased by 50 percent  
(F igure  5.4e). The ca lcu la t ed  drawdown a t  DOE-2 w a s  improved from the  

base case when the global t r a n s m i s s i v i t i e s  were decreased by a factor 
of two (Figure  5.4h) .  However, the  c a l c u l a t e d  recovery a t  DOE-2 is 
closer t o  the  observed recovery using the  base-case t r a n s m i s s i v i t i e s .  

The ca lcu la t ed  responses a t  WIPP-12, WIPP-18, WIPP-19, WIPP-21, and 
WIPP-22 were n o t  s i g n i f i c a n t l y  improved by either of the global 
changes t o  the  t r ansmiss iv i ty  f i e l d .  Figures  5.4i and 5.4k show t h e  

ca l cu la t ed  responses  a t  WIPP-12 and WIPP-22 as examples of the 

s imula t ions  at these wells. A t  both wells, the  d i f f e r e n c e  between the  
ca l cu la t ed  and observed freshwater heads is reduced by inc reas ing  the 

g loba l  t r ansmiss iv i ty .  Because drawdowns dur ing  the WIPP-13 pumping 
test were no t  adequately s imulated a t  these wells, f u t u r e  modeling 
s t u d i e s  w i l l  r e q u i r e  a d d i t i o n a l  local changes t o  the  hydrogeologic 
parameters t o  improve t h e  s imulated responses  a t  these loca t ions .  

5.3 S e n s i t i v i t y  of the Trans ien t  Calcu la ted  Freshwater Heads t o  
S t o r a t i v i t y  

The s t o r a t i v i t y  used i n  the i n i t i a l  o r  base-case t r a n s i e n t  s imula t ion  
was 2 x Two t r a n s i e n t  s imula t ions  were performed t o  determine t h e  
s e n s i t i v i t y  of the c a l c u l a t e d  freshwater heads t o  s to ra t iv i ty .  In  these 
s imula t ions ,  the t r ansmiss iv i ty  d i s t r i b u t i o n  was the same as f o r  the 

base-case o r  calibrated steady-state model. In t h e  first s imula t ion ,  
S-case 1 ,  t he  s t o r a t i v i t y  was increased  t o  5 x The s t o r a t i v i t y  
used i n  t h e  second s imula t ion ,  S-case 2, is 1 x lo+ .  The magnitude of 

t h e  g loba l  changes i n  the s t o r a t i v i t y  are approximately the  same as the 

global changes t o  t h e  t r a n s m i s s i v i t i e s  used i n  the  s e n s i t i v i t y  a n a l y s i s  
of t r a n s m i s s i v i t y  described i n  Sec t ion  5.2. 
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5.3.1 S e n s i t i v i t y  of the  Shaft-Induced Responses t o  S t o r a t i v i t y  

Reducing the  s t o r a t i v i t y  by one-half y i e lded  approx.imately the same 
pressure  response at the shaft gr id  block as increas ing  the  t r ans -  
mis s iv i ty  by a factor of two. The d i f f e rences  between the  calculated 
and observed responses a t  H-1,  H-2, and H-3 due t o  shaft  events  
(Figures 5.5a,  5.5b, and 5 . 5 ~ )  i n  the  S-case 1 and S-case 2 
s imula t ions  are not  s i g n i f i c a n t l y  d i f f e r e n t  than t h e  r e s u l t s  
determined i n  the T-case 2 and T-case 1 s imula t ions ,  r e spec t ive ly .  
Therefore, local changes t o  both the t r ansmiss iv i ty  and s t o r a t i v i t y  
w i l l  have t o  be made t o  reduce t h e  d i f f e rences  betwem the ca l cu la t ed  
and observed responses.  

5.3.2 S e n s i t i v i t y  of the Calculated Responses frcm the H-3 Tests t o  
Storat ivi  t y  

The ca l cu la t ed  and observed freshwater heads f o r  t h e  s e n s i t i v i t y  
s imula t ions ,  S-case 1 and S-case 2 ,  a t  the  H-3 hydi-opad are i l l u s -  
trated i n  Figure 5 . 5 ~ .  As expected, t h e  changes i n  s t o r a t i v i t y  d i d  

not  affect the  results as much as the changes i n  the  t r ansmiss iv i ty .  
General ly ,  using a higher s t o r a t i v i  t y  reduced t h e  drahrdowns determined 
i n  the base-case simulat ion by approximately 6 t o  10 m dur ing  the 
var ious tests at H-3. A l t e rna t ive ly ,  using a lower s t o r a t i v i t y  
increased the calculated drawdowns i n  the base-case s imula t ions  by 4 rn 
to  6 m. I n  gene ra l ,  t h e  higher s t o r a t i v i t y  improved t h e  comparison 
between t h e  calculated and observed responses t o  post-1 984 t e s t i n g  
activit ies a t  H-3. 

Figures 5.5a and 5.5b show t h e  S-case 1 and S-case 2 simulations fo r  
t he  H-1 and H-2 boreholes.  The base-case s t o r a t i v i t y  produced t h e  

best relative drawdown a t  H-1 . However, a lower s t o r a t i v i t y  reduced 

t h e  d i f f e rence  between t h e  calculated and observed dioawdowns a t  H-2. 

Using a s t o r a t i v i t y  of 1 . 5  x low5  between H-3 and H-2 w i l l  probably 
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reproduce t h e  observed r e l a t i v e  drawdown given the  same base-case 
t r ansmiss iv i ty  between these boreholes (approximately 

1 x lod6  m2/s). This s t o r a t i v i t y  value is s l i g h t l y  lower than  t h e  

value of 3 x that was determined by Beauheim (1987a) i n  
i n t e r p r e t i n g  the response a t  H-2 due t o  pumping a t  H-3. This is 

p a r t l y  because the model t r a n s m i s s i v i t i e s  between 3-2 and H-3 a r e  
s l i g h t l y  d i f f e r e n t  than the  average value he reported.  

The ca l cu la t ed  responses a t  H-11 and DOE-1 t o  t h e  tests a t  H-3 i n  t h e  

S-case 2 s t o r a t i v i t y  s imula t ion  conta in  s l i g h t l y  h igher  ca l cu la t ed  
drawdowns than the base-case s imula t ions  as shown on Figures  5.5f and 
5.5g. The results ind ica t e  t h a t  a s t o r a t i v i t y  between the S-case 2 

and the base-case s t o r a t i v i t y  i n  the v i c i n i t y  of the  2 wells is 
probably necessary t o  s imula te  the observed drawdowns a t  these 
we1 1s. The simulat ion using the higher  g loba l  t r ansmiss iv i ty ,  
T-case 1 ,  provided t h e  b e s t  match t o  the  recovery data a t  both of 
these loca t ions  (F igures  5.4f and 5.4g). 

5.3.3 S e n s i t i v i t y  of the Calculated Responses from the H-4 Test t o  
S t o r a t i v i t y  

Adjustments t o  the  global s t o r a t i v i t y  d i d  not  s i g n i f i c a n t l y  reduce t h e  

d i f f e rences  between the ca l cu la t ed  and observed t r a n s i e n t  freshwater 

heads i n  t h e  v i c i n i t y  of the  H-4 hydropad. An i nc rease  i n  s t o r a t i v i t y  
(F igu re  5.5d) d i d  reduce t h e  drawdown dur ing  t h e  H-4 convergent-flow 
tracer t e s t ,  b u t  t h e  reduct ion i n  ca l cu la t ed  drawdown was not as g r e a t  
as t h a t  ca lcu la ted  iising an increased global t r ansmiss iv i ty  
(F igure  5.4d) .  Increases  i n  both t h e  t r ansmiss iv i ty  and t h e  

s t o r a t i v i t y  may be needed t o  reproduce the t r a n s i e n t  heads a t  t h e  H-4 
hydropad adequately.  
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5.3.4 S e n s i t i v i t y  of the Calculated Responses l’rm the  WIPP-13 
Pumping Test t o  S t o r a t i v i t y  

I n  the base-case s imula t ion ,  the maximum ca lcu la t ed  drawdown a t  
WIPP-13 was approximately 20 m greater than t h e  observed drawdown. 
Increasing the  g loba l  s tora t iv i ty  t o  5 x lowered t h i s  d i f f e rence  
t o  approximately 15 m, whereas decreasing the g1,obal s t o r a t i v i t y  
increased the  d i f f e rence  t o  about 22 m (F igure  5.53). I n  c o n t r a s t ,  a 
decrease i n  the global s t o r a t i v i t y  improved the ca l cu la t ed  r e s u l t s  a t  
H-6, DOE-2, WIPP-12, WIPP-18, WIPP-19, WIPP-21 , and WIPP-22. 

Figures  5.5e, 5.5h, 5.5i, and 5.5k show the calculated and observed 
t r a n s i e n t  responses a t  H-6, DOE-2, WIPP-12, and WIPP-22. S ign i f i can t  
reductions i n  the differences between the  calculated and observed 

responses are obtained at  these l o c a t i o n s  using a hwer s t o r a t i v i t y .  
I n  the T-case 1 and T-case 2 s imula t ions  (Sec t ion  5.21, the changes t o  
t h e  global t r a n s m i s s i v i t i e s  d i d  not  s i g n i f i c a n t l y  improve the  results 
a t  these boreholes. Only minor improvements r e s u l t e d  when the t r a n s -  
mis s iv i ty  was increased by a f a c t o r  of two. Therefore, i n  o rde r  t o  
reproduce the observed drawdowns dur ing  the  WIPP-13 pumping tes t  a t  
these boreholes, the  t r ansmiss iv i ty  should be fur ther  increased  and 
the  s t o r a t i v i t y  should be decreased. 

5.4 Summary of Transient  Simulat ions 

I n  t h e  base-case t r a n s i e n t  s imula t ions ,  t h e  ca l cu la t ed  drawdowns a t  t h e  

pumping wells H-2 ,  H-3, H - 4 ,  and WIPP-13, are a f a c t o r  of two greater 
than the observed drawdowns. The calculated drawdowns a t  H - 1 ,  H-2, and 
H-3, due t o  the hydraul ic  stresses caused by shaf t  events ,  a r e  also a 
factor of two greater than the  observed drawdown. The calculated 
drawdowns a t  P-14, DOE-2, and H-6 i n  response t o  t h e  WIPP-13 pumping 
tes t  adequately reproduce the  observed drawdowns. The calculated 
drawdowns a t  H-11 and DOE-1 due t o  the  H-3 pumping test are also similar 
t o  the  observed drawdowns a t  these boreholes.  
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Sensitivity 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. I n  
addition, lower transmissivities 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 frcm t e s t i n g  a t  t h e  WIPP-s i t e  
boreholes has enlarged the hydrogeologic data base used i n  hydrologic- 
cha rac t e r i za t ion  s t u d i e s  of the WIPP-s i t e  area. The purpose of t h i s  

second in te r im modeling r epor t  is t o  provide an updated numerical 
s imulat ion of t h e  ground-water flow i n  t h e  Culebra dolomite based on t h e  

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

( 1 )  The calibrated t r ansmiss iv i ty  d i s t r i b u t i o n  conta ins  the same 
genera l  t rend  over  the model area as the  observed t r a n s m i s s i v i t i e s  
wi th  predominantly lower t r a n s m i s s i v i t i e s  ( < 1  x m2/s) east of 
the W I P P - s i t e  boundary, , in termediate  t ransmiss i  t i v i t i e s  i n  t h e  

high t r a n s m i s s i v i t i e s  ( > 1  x rn2/s) i n  the  western part of the 

model area represent ing  Nash Draw. Local d i f f e rences  t o  t h e  

genera l  t r end  are present  west of WIPP-30 and WIPP-26 and between 
H-17 and P-17. The t r a n s m i s s i v i t i e s  i n  these areas were increased 
t o  reduce the d i f f e rences  between t h e  ca l cu la t ed  and observed 
heads below the u n c e r t a i n t i e s  of t h e  observed heads. The high- 
t r ansmiss iv i ty  feature between H-17 and P-17 is less t ransmiss ive  
than a similar feature proposed i n  Haug e t  a l .  (1987) .  

c e n t r a l  p a r t  of the model area ( 1  x t o  1 x 10- 4 2  m /s) and 

(2) The steady-state calibrated freshwater heads i l lustrate  low 
hydraul ic  g rad ien t s  ( 1  x m/m) nor th  of the WIPP-s i t e  boundary 
between WIPP-28 and DOE-2 and sou th  of t he  W I P P - s i t e  boundary 
between H-17 and H-7. Higher g r a d i e n t s  ( 4  x m/m) occur i n  
t he  c e n t r a l  p a r t  of the  model area. 

/ " \  

(3)  The model-calculated ground-water-f low d i r e c t i o n s  are 
predominantly south  t o  southwest. The l a r g e s t  volume of ground 
water e n t e r s  t h e  model area through t h e  nor thern  model boundary 
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( 4 )  

(5)  

( 6 )  

and e n t e r s  the h igh- t ransmiss iv i ty  area along the western p a r t  of 
t he  model represent ing  Nash Draw. A s i g n i f i c a n t  por t ion  of the 

ground water wi th in  the W I P P - s i t e  boundaries passes through t h e  

h igh- t ransmiss iv i ty  zone south of H-11 and exits the  southern 
boundary of the  model area east of H-7. The model-calculated flow 
d i r e c t i o n s  support  conclusions from previous modeling and i s o t o p i c  
s t u d i e s  that  the  ground-water chemistry is not  a t  s teady  state 
with r e spec t  t o  ground-water flow. 

The ca lcu la t ed  Darcy v e l o c i t i e s  range over  s i x  orders of magnitude 
i n  t he  model area. The highes t  v e l o c i t i e s  (1  x t o  1 x 
m/s) occur i n  the  western po r t ion  of the model area represent ing  
Nash Draw. Darcy v e l o c i t i e s  wi th in  t he  WIPP-si t e  boundary range 
from approximately 5 x 10-l' m/s i n  t h e  v i c i n i t y  of the shafts t o  
1 x lo-' m/s i n  t h e  h igh- t ransmiss iv i ty  zone s o u t h  of H-11 . Darcy 
v e l o c i t i e s  of 1 x m/s occur east of the WIPP-site boundary. 

A s e n s i t i v i t y  a n a l y s i s  of the c a l c u l a t e d  freshwater heads t o  the 

h igh- t ransmiss iv i ty  zone between H-17 and P-17 determined t h a t  

d i f f e rences  between the  ca l cu la t ed  and observed heads i n  the 

v i c i n i t y  of H-11 ranged from 3 t o  8 m with  t r ansmiss iv i ty  values 
between H-17 and P-17 ( 2  x m2/s> three times higher than 
those i n  t he  i n i t i a l  k r iged  estimates ( 6  x m2/s). The 

d i f f e rences  were reduced t o  less than s i x  meters when t h e  

t r ansmiss iv i ty  values  between H-17 and P-17 were increased t o  6 x 
10-  m / s ,  one order  of magnitude higher  than the i n i t i a l  kriged 
estimates. The d i f f e rences  were u l t ima te ly  reduced below t h e  

u n c e r t a i n t i e s  of t h e  observed heads when the  t r a n s m i s s i v i t i e s  
between H-17 and P-17 were increased t o  5 x 

6 2  

m2/s. 

The s t eady- s t a t e  calibrated t r a n s m i s s i v i t i e s  adequately reproduce 
t h e  observed drawdowns a t  P-14, DOE-2, and H-6 dur ing the WIPP-13 

multipad pumping test. The calculated drawdowns at  H-1 1 and DOE-1 
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during the s imula t ion  of t h e  H - 3  multipad pumping test  are also 
similar t o  the observed drawdowns. The steady-state calibrated 
t r a n s m i s s i v i t i e s  do not  adequately reproduce t h e  observed 
t r a n s i e n t  responses generated from the shaft  even t s  o r  the 

observed drawdowns a t  the pumping wells used i n  t he  s imula t ion ,  
H-2, H-3 ,  H - 4 ,  and WIPP-13. General ly ,  the  c a l c u l a t e d  drawdown a t  
these wells is a factor of two greater than the observed drawdown. 
S imi l a r ly ,  the  ca l cu la t ed  drawdown due t o  the  shaf t  even t s  is a 
factor of two greater than t h e  observed drawdown a t  H-1, H-2, and 
H-3. 

( 7 )  S e n s i t i v i t y  ana lyses  performed t o  determine t h e  effects of the 

model t r a n s m i s s i v i t i e s  and s t o r a t i v i t y  upon the ca l cu la t ed  
t r a n s i e n t  heads i n d i c a t e  that  adjustments  t o  t h e  steady-state 

calibrated t r a n s m i s s i v i t i e s  are necessary t o  reduce t h e  

d i f f e rences  between the  ca l cu la t ed  and observed t r a n s i e n t  data. 
These ana lyses  i n d i c a t e  ( 1 )  lower t r a n s m i s s i v i t i e s  are requi red  
between the shafts and H-1 ,  H-2, H-3, and the WIPP wells i n  t he  

v i c i n i t y  of t h e  shaf ts ;  (2 )  higher t r a n s m i s s i v i t i e s  are necessary 
i n  t he  v i c i n i t y  of H-2, H-3 ,  H-4,  and WIPP-13; and (3)  a higher 

t r ansmiss iv i ty ,  l ow-s to ra t iv i ty  zone between WIPP-13 and t h e  WIPP 
wells i n  the v i c i n i t y  of the shafts is necessary t o  reproduce t h e  
observed transient responses. 
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1 Observed Freshwater Heads 

I Observed Freshwater Heads 
(Water Level Data) 

(Transducer Data) 

LEGEND: W Calculated Freshwater Heads 

65/66 

Gram by Date 

Chocked by mta 

RWl*,O"* k t 0  

1109 70OR5 54 

. Calculated and Observed Transient Freshwater Heads 
at ERDA-9 Using the Steady-State Calibrated 
Transmissivity Distribution 

I Figure 5.11 I wm Technologies 





L
86 L 

9
8

6
 L 

t I- 

t 

S
86 L 

P
86 I 

€86 I 
2

8
6

 I 
186 L 

I 
I 

I 
I 

I 
1

1
 I 

I 
I 

I 
I 

1
1

 I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

1
~

0
6

f
 

N
011V

301 U
V

H
S

 

7
 

I
 

1 O
L6 ,--. 

3 5 
066 &

 

J
 

I 
1

1
 I 

I 
I 

I 
I

1
 I 

I 
I 

I 
I 

1
1

.
1

 
I 

I 
I 

I 
I 

I 
I 

I
1

 1 
I 

I 
I 

I I4
 O

E
II 





1 LEAKAGE OR INJECTION AT SHAFT LOCATION (I/s) 

Dmrn by 

Ch.s*.d by 

R.Yi*iO". 

W9700E5 54 

0.80 1 

Dot. 

Oat. 

Dde Used in the Base-Case Transient Simulation 
Leakage or Injection Rates at the Shaft Location 

-0.40 1 

-1.60 1 
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WELL DOE-1 

LEGEND: Calculated Freshwater Heads 1 Observed Freshwater Heads 
Using T=0.5 x TSS 
Calculated Freshwater Heads I Observed Freshwater Heads 
Using T=l  x TSS 

Using T=Z x TSS Calibrated Steady-State Madel 

(Water Level Data) 

(Transducer Data) - Calculated Freshwater Heads TSS = Transmissklties of the 

b, Dot. 
Ch.clud I* Dot. Sensitivity of Calculated Transient Freshwater 
R-lmion. Dot. Heads at DOE-1 to Transmissivity 

Hq9700Y: j i l r  

I W ' i  Technologies Figure 5.49 
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LEGEND: - Calculated Freshwater Heads 1 Observed Freshwater Heads 
Using T=0.5 x TSS (Water Level Data) 
Calculated Freshwater Heads I Observed Freshwater Heads 
Using T=l x TSS (Transducer Data) - Calculated Freshwater Heads TSS - Transmiss'Nitiea of the 
Using T=2 x TSS Calibrated Steady-State Model 
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Drown by Dot* 

Sensitivity of Calculated Transient Freshwater 
Heads at WIPP-13 to  Transmissivity 

Ch.&d by D a b  

RWkiO" .  DOiS 
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LEGEND: Calculated Freshwater Heads 1 Observed Freshwater Heads 
Using S-1E-5 (Water Level Data) 

(Transducer Data) 
Colculoted Freshwater Heads 
Using S 4 E - 5  

(tQ Calculated Freshwoter Heads 
Using SESE-5 
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LEGEND: - Calculated Freshwater Heads 1 Observed Freshwater Heads 
Using S-I€-5 (Water Level Data) 
Calculated Freshwater Heads I Observed Freshwater Heads 
Using S=2E-5 (Transducer Data) 

Using S 5 E - 5  
- Calculated Freshwater Heads 
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930 

LEGEND: Calculated Freshwater Heads 1 Observed Freshwater Heads 
Using S-1E-5 (Water Level Data) 
Calculated Freshwater Heads I Observed Freshwater Heads 
Using S d E - 5  (Transducer Data) 

Using S=5E-5 
- Calculated Freshwater Heads 

WELL WIPP-13 

Dram by D e e  

Chscksd by Dd. Sensitivity of Calculated Transient Freshwater 
Re"lSi0"a D d *  Heads at WIPP-13 to Storativity 

H09700RS54 

1981 1982 1983 1984 1985 
8 6 0 . " " ~ ~ ' " ! " i i ' ! ' i ' ' ' ! 1 ' ' ' ' ! '  

I wm Technologies 

1986 

Figure 5 .5 j  

1987 
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LEGEND: - Colculoted Freshwoter Heods 1 Obsefved Freshwoter Heods 
Using s ~ l E - 5  (Woter Level Doto) 
Colculoted Fmshwoter Heods I Observed Freshwoter Heods 
Using S-ZE-5 (Tronsducer Doto) 

Using S 5 E - 5  
- Colculoted Freshwoter Heods 

WELL WIPP-22 

Drown by ODLD 

Chcshd ty Dot. Sensitivity of Calculated Transient Freshwater 

H09700R554 
i i r r r n n -  . . . r - _-  c r ,  

Heads at WIPP-22 to  Storativity Re"l*lO"S Dol. 

I r iyuie  3.36 I I I \  I u C\ I ecnnologies I 





. . .  . 

UTM Coordinates of the Model-Area Corners: 

Southwest corner :  35 72 000 mN 6 00 000 mE 

Southeast  corner  : 35 72 000 mN 5 24 000 mE 
Northeast corner :  35 97 000 mN 6 24 000 mE 
Northwest corner :  35 97 000 mN 6 00 000 mE 

Dimensions of the Model Area: 

East - West: 
North - South: 
Area : 

24.0 km 

25.0 km 
600.0 km2 

Grid  Block Dimensions (in): 

From Nest t o  East: 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. 

From South t o  North: 2000, 1000, 1000, 1000, 800, 500, 300, 300, 

400, 520, 320, 320, 320, 240, 260, 260, 

260, 190, 140, 140, 140, 160, 140, 140, 

190, 300, 360, 220, 220, 220, 340, 220, 

140, 120, 220, 400, 700, 1000, 1400, 1600, 

1800, 1600, 1600, 1500. 

Drawn by 

Checked by 

Revisions Model Area and the  Grid Blocks 
Coordinates and Dimensions of the  

I wm Technologies ‘,“Able 3.1 I 
HO 9700  R 5 T  4 1 1 7  



Fluid Properties: 

Temperature = 25 OC 
Compressibility = 4.53 x 10-l' m2/N (25OC) 
Thermal 
Expansion Factor = 

Heat Capacity = 4.18 x J/kg OC 
Viscosity = 1.0 x 10-3 Pa s 
Density Fresh = 1000 kg/m3 

Brine = 2000 kg/m3 

2.07 x lo-' OC-1 

Rock Properties: 

2ompressibility = 1 . 1  x m2/N 
{eat Capacity = 8.0 x J/kg°C 
Iensi ty = 2500 kg/m3 

Transport Properties: 

longitudinal Dispersivity = 50.0 m 
'ransverse Dispersivity = 2.5  rn 
lolecular Diffusivity in 
Geologic Medium = 1 . 6  x m2/s 

References - 

INTERA (1  986) 
Lagguth and Voigt ( 1  980) 

Kuchling ( 1  982) 
Kuchling 1: 1982) 

Freeze and Cherry (1979) 
Kuchling ( 1  982) 
Kuchling ( 1  982) 

Haug et al. (1987) 
Haug et al. ( 1  987) 

Bear (1972),  Lerman (1979) 

hocked by 

Physical Model Constants 

Table 3 .2  

Q 
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LOCATION 

in by 

:ked by 

isions 

TRANSMISSIVITY 

Dote 

Dote Culebra Transmiss iv i ty  and S t o r a t i v i t y  
Dote at the  WIPP-Area Boreholes 

STORATIVITY 

rm Technologies 

H- 1 
H-2 
1y -3 
H-4 
H-5 
H-6 
H-7 
H-8 
H-9 

H-10 
H-11 
H-12 
H - 1 4  
H-15 
H-16 
H-17 

DOE- 1 
DOE-2 
P-14 
P-15 
P-17 
P-I 8 

WIPP-12 
WIPP-13 
WIPP-18 
WIPP-19 
WIPP-21 
WIPP -22 
WIPP-25 
WIPP-26 
WIPP-27 
WIPP-28 
WIPP-29 
WIPP-30 
ERDA-9 

CB- 1 
ENGLE 
uscs- 1 

Table 3.3 

-6.12 
-6.25 
-5.61 
-5.99 
-6.82 
-4.10 
-2.96 
-5.05 
-3.76 
-7.12 
-4.56 
-6.74 
-6.48 
-6.88 
-6.12 
-6.67 
-4.93 
-4.02 
-3.64 
-7.03 
-5.86 
-8.73 
-7.49 
-4.13 
-6.49 
-6.19 
-6.57 
-6.40 
-3.54 
-2.87 
-3.15 
-4.71 
-3.00 
-6.49 
-6.29 
-6.52 

-3.26 
-4.33 

7.56E-07 
5.61 E-07 
2.47E-06 
1 .02E-06 
1.52E-07 
7.95E-05 
1 . I  1 E-03 
a. 8 6 ~ - 0 6  
1 .73E-04 
7 .56~-08  
2.76E-05 
1 .84E-07 
3.29E-07 
1.32E-07 
7.56~-07 
2.16~-07 
1 .19E-05 
9. GI E-05 
2.30E-04 
9.26E-08 
1.38E-06 
1 .87E-09 
3.24E-08 
7.45E-05 
3.24E-07 
6.48E-07 
2.70E-07 

2.92E-04 
1 .356-03 
7.02E-04 
1 .94E-05 

3.24E-07 
5.08E-07 
3.02E-07 
4.64E-05 
5.54E-04 

4. O O E - O ~  

1 . O O E - O ~  

-4.92 

-5.34 
-4.69 
-4.75 
-3.09 

-3.03 

-4.00 

-4.70 

1.20E-05 

4.62E-06 
2.05E-05 
1.80E-05 
8.20E-04 

9.39E-04 

1 . OOE-04 

2.00E-05 

HO 9700 R554 



Selected Linear East-West Trend: 

= 138.8642 - 0.2354x 

with z: log Transmissivity (rn2/s> 
x: UTM coordinate (km East) 

Theoretical Semi-variogram: 

Type : spherical 
: Y(h=O) = 0 

3 
: Y(O<h<a) = w(l.5h/a - 0.5(h/a) + c 
: Y(h>a) = w + c 

a : 3.012 km 

w : 0.9355 
C : 0.0 

Consistency Check: 

Kriged Average Error 

Range 

Sill 
Nugget 

: 0.0000 

: 3.0 km 

: 0.94 ( w  + C >  

: 0.0 (c) 

Kriged Mean Square Error : 0.516 
Reduced Mean Square Error : 1.000 

hacked by Results of the Semi-Variogram Analysis 
levisions Date on the Culebra Transmissivities 

HO 9700 R5 5 4 120 



Locat ion Undisturbed Equivalant 
Freshwater Head (m amsl) 

H- 1 
H-2b 
H-35 1 
H-4b 
H-5b 
H-6b 

H-7bl 
H-8b 
H-9b 

H-1 Ob 
H-1 1 b2 

H-12 
H-14 
H-15 
H-17 
P-14 
P-15 
P-17 

WIPP-12 
WIPP-13 
WIPP-I8 
WIPP-25 
WIPP-26 
W I  PP -27 
WIPP-28 
WIPP-23 
WIPP-30 

CB-1 
DOE-1 
DOE-2 

USGS- 1 

*See Appendix E. 

921.6 
923.5 
917.1 
91 3.3 
933.5 
932.3 
91 2.6 
911.8 
907.0 
920.8 
912.5 
913.5 
91 5.0 
91 8.0 
913.2 
927.0 
916.4 
91 2.6 
932.2 
934.0 
930.0 
931 .O 
917.5 
937 5 
938.1 
905.4 
934.7 
911.2 
91 5.0 
935.4 
909.0 

Uncertainty of 
Observed Head (m> 

k2.0 
k2.5 
k3.0 
k2.0 
k2.0 
k2.0 
51 .o 
k1 . 5  
k2.0 
k2.5 
k2.0 
k1 . 5  
k1.5 
- +5.0 
N/A* 
52.0 
+2.5 
12.5 
k3.0 
k2.5 
k2.0 
- +2.0 
51.5 
51 .5  
- +1.5 
- +1 .o 
k2.0 
k 2 . 0  
- +2.5 
- +2.5 
- +1.5 

Drawn by Date 

Checkad by Date Culebra Undisturbed Equivalent Freshwater Heads 
Revisions Date and the Associated Uncertainties 

I Table 3.5 

121 
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Loca t i on 

H-1 
H-2 
H-3 
H-4 
H-5 
H-6 

H-7b 
H-8b 
H-9b 

H-1 Ob 
H-11 
H-12 
H - 1 4  
H-15 
H-17 
P-14 
P-I 5 
P-17 

WIPP-13 
WIPP-25 
WIPP-26 
WIPP-28 
WIPP-30 

Engle 
DOE- 1 
DOE-2 

Format i on-Flui d Dens i t y  

(g/CriJ) 

1.0;!2 
1 .oog 
1 .0:!6 
1.016 
1 . l o2  
1 .0:19 
1 .001 
1 . 000 
1 .001 
1 .Ob7 
1 .Oi'8 
1 .os13 
1 .008 
1 . 153 
1 . I  c13 

.017 

.015 

.001 

. 0 ~ ! 3  

.008 
,012 . or12 
,020 . OCIl 
.0e8 
,041 

mwn by I Date I 
hacked by Data Culebra  Formation-Fluid Densities a t  t h e  
evisions Data WIPP-Area Boreholes 

1 wm Technologies I 1, Tab le  3 .  G ~ 
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1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

897.5 
899.8 
901 .2 
902.1 
902.6 
901.8 
901.9 
901.9 
901.8 
901.6 
901.2 
900.7 
900.0 
899.3 
898.6 
897.7 
896.2 
895.2 
894.5 
893.9 
893.2 
892.5 
891.8 
891.2 
890.4 
889.2 
887.7 
886.4 
885.0 
884.1 
883.0 
881.9 

880.9 
880.4 
879.5 
878.3 
877.1 
876.2 
876.8 
878.3 
880.9 
883.8 

881 .3 

907.3 
907.5 
907.8 
908.2 
908.5 
909.0 
909.3 
909.6 
910.0 
910.5 
911.1 
911.5 
912.0 
912.4 
912.8 
913.9 
914.4 
914.9 
915.2 
915.5 
915.8 
916.1 
916.4 
916.7 
917.0 
917.5 
918.2 
918.7 
919.2 
919.6 
920.1 
920.7 
921.1 
921.4 
921.7 
922 -3 
923.3 
924.6 
925.9 
928.0 
930.0 
931.5 
932.6 

Fluid 
Density kg/m3 - - - _ _ _ _ _ - - - - -  

1000.0 
1000.0 
1000.0 
1000.5 
1001.5 
1002.2 
1002.7 
1003.0 
1003.3 
1003.5 
1003.7 
1003.5 
1003.4 
1003.3 
1003.1 
1002.9 
1002.7 
1002.4 
1002.3 
1002.1 
1001.9 
1001.7 
1001.5 
1001.3 
1001.2 
1000.9 
1000.6 
1000.4 
1000.3 
1000.2 
1000.1 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 

rawn by 

hacked by Date 

evisions 
BoundaL-y Conditions for the Initial Simulation 

I wm Technologies Table 4 . 1  I 



Model Indices Grid Block Freshuater 

Northern Boundary 

1 44 
2 44 
3 44 
4 44 
5 44 
6 44 
7 44 
8 44 
9 44 
10 44 
1 1  44 
12 44 
13 44 
14 44 
15 44 
16 44 
17 44 
18 44 
19 44 
20 44 
21 44 
22 44 
23 44 
24 44 
25 44 
26 44 

Southern Boundary 

2 1 
3 1 
4 1 
5 1 
6 1 
7 1 
8 1 
9 1 
10 1 
1 1  1 
12 1 
13 1 
14 1 
15 1 
16 1 
17 1 
18 1 
19 1 
20 1 
21 1 

_________- . - - -_ - -  

_ _ _ _ _ - _ _ _ - - - - - - - -  

22 1 
23 1 
24 1 
25 1 
26 1 

1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 839.3 

835.8 

829.1 
823.1 
815.8 

837.6 

833.4 

806.2 
793.4 
771.9 
740.7 
709.3 

886.4 
884.7 
879.9 

881.9 
882.3 

880.6 
877.8 
875.1 
873.2 

870.1 

881.1 

882.0 

871.7 

868.5 
867.1 
865.8 
864.5 
862.8 
859.7 
855.3 
850.1 
843.1 
833.4 
815.6 
785.9 
755.3 

893.2 
886.9 
880.5 
874.7 
869.1 
864.2 
858.9 
855.3 
850.6 
847.8 
845.7 

841.3 
843.5 

936.5 
937.7 
938.3 

938.4 
938.4 

938.4 
938.4 
938.3 
938.3 
938.2 
938.1 
938.1 
938.1 
938.0 
938.0 
938. o 
937.9 
937.9 
937.8 
937.7 
937.5 
937.4 
937.1 
936.7 
936.1 
935 -7 

909.7 
910.8 
910.5 
910.4 
910.3 
910.3 
910.3 
910.2 
910.2 
910.2 
910.2 
910.2 
910.2 
910.2 
910.2 
910.2 
910.2 
910.3 
910.7 
Y11.0 
911.5 
912.5 
914.2 
917.1 
920.2 

1000.0 
1000.9 
1009.7 
1016.7 
1021.2 
1027.7 
1031.8 
1036.2 

1044.3 
1046.5 

1049.7 
1051.3 

1054.1 
1055.4 
1053.4 
1056.3 
1063.1 
1068.5 
1076.4 
1086.3 
1105.4 
1134.7 
1163.0 

1040.8 

1048.1 

1052.8 

1000.0 
1000.0 
1000.9 
1004.7 

1012.9 
1017.4 
1022.4 
1026.8 
1029.3 
1031.1 
1035.0 

1008.7 

1036.8 
1038.3 
1039.7 
1041.1 
1043.0 
1045.7 
1047.7 
1051.7 
1055.9 
1060.0 
1062.9 
1060.6 
1055.1 

Drawn by Date I 
Checked by Date 

Reviaions 

I wm Technologies I I Table 4 .1  (conk.) 

124 



Difference Between 

Freshwater Head (m> 
Locat ion Calculated and Observed 

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-13 
WIPP-25 
wIPP-26 
WIPP-27 

WIPP-30 
CB-1 
DOE-1 
DOE-2 

wIPP-28;; 

*See  Appendix E. 

-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 
-1 2.66 
-9.71 

-11.78 
-2.73 
-6.07 
-3.24 
-8.82 
2.90 
3.19 

-12.70 

Uncertainty of Observed 
Freshwater Head (m) 

k2.0 
- +2.5 
k3.0 
k2.0 
- +2.0 
k2.0 
k1 .o 
k2.5 
k2.0 
k1.5 
k1 .5  
k5 .0  
N/A* 
- +2.0 
k2.5 
52.5 
k3.0 
- +2.5 
k2.0 
k2.0 
51.5 
k1.5 
k 1 . 5  
k2.0 
- +2.0 
52.5 
k2 .5  

Differences Between Calculated and Observed 
Freshwater Heads f o r  the Initial Simulation 

I Table 4 . 2  

HO 9700  R55 4 1 2 5  



Model Indices 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

K ._._. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

897.5 
899.8 
901 .2 
902.1 
902.6 
901.8 
901 - 9  
901.9 
901.8 
901.6 
901.2 
900.7 
900.0 
899 * 3 
898.6 
897.7 
896.2 
895.2 
894.5 
893.9 
893.2 
892.5 
891.8 
891 .2 
890.4 
889.2 
887.7 
886.4 
885.0 
884.1 
883.0 
881.9 
881.3 
880.9 
880.4 
879.5 
878.3 
877.1 
876.2 
876.8 
878.3 
880.9 
883.8 

910.0 
910.6 
91 1 .@ 
911.4 
911.8 
912.0 
912.4 
912.8 
913.2 
913.6 
914.0 
914.4 
914.8 
915.2 
915.6 
916.0 
916.8 
917.6 
918.3 
919.1 
919.8 
920.6 
921.3 
922.1 
922.9 
973.6 
VL. i .4  
925.1 
925.9 
926.6 
927.5 
928.2 
929.0 
929.7 
930.5 
931.2 
932.1 
934.0 
934.5 
936.0 
938.0 
939.0 
940.0 

1000.0 
1000.0 
1000.0 
1000.5 
1001.5 
1002.2 
1002.7 
1003.0 
1003.3 
1003.5 
1003.7 
1003.5 
1003.4 
1003.3 
1003.1 
1002.9 
1002.7 
1002.4 
1002.3 
1002.1 
1001.9 
1001.7 
1001.5 
1001.3 
1001.2 
1000.9 
1000.6 
1000.4 
1000.3 
1000.2 
1000.1 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 
1000.0 

h w n  by Dote 

:hacked by Date Boundary Conditions for  the Steady-State 

?svisions Dote Calibrated Model 
I 

1 wm Technologies Table 4.j 
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Model Indices Grid Block F res hua t er Fluid 

Northern Boundary 

1 44 
2 44 
3 44 
4 44 
5 44 
6 44 
7 44 
8 44 
9 44 
10 44 
1 1  44 
12 44 
13 44 
14 44 
15 44 
16 44 
17 44 
18 44 
19 44 
20 44 
21 44 
22 44 
23 44 
24 44 
25 44 
26 44 

Southern Boundary 

2 1 
3 1 
4 1 
5 1 
6 1 
7 1 
8 1 
9 1 

10 1 
1 1  1 
12 1 
13 1 
14 1 
15 1 
16 1 
17 1 
18 1 
19 1 

_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _  

20 1 
21 1 
22 1 
23 1 
24 1 
25 1 
26 1 

K ._____ 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

886.4 
884.7 
879.9 
881.1 
881.9 
882.3 
882.0 
880.6 
877.8 

Head m _ _ _ _ _ _ - _ _  

942.4 
941.7 
941 .O 
941.1 
941 .2 
941.4 
941 .5 
941.7 
941.9 

1000.0 
1000.9 
1009.7 
1016.7 
1021.2 
1027.7 
1031.8 
1036.2 
1040.8 

875.1 942.0 1044.3 
873.2 942.1 
871.7 
870.1 
868.5 
867.1 
865.8 
864.5 
862.8 
859.7 
855.3 
850.1 
843.1 
833.4 
815.6 
785.9 
755.3 

893.2 
886.9 
880.5 
874 * 7 
869.1 
864.2 
858.9 
855.3 
850.6 
847.8 
845.7 
843.5 
841.3 
839.3 
837.6 
835.8 
833.4 
829.1 
823.1 
815.8 
806.2 
793.4 
771 -9 
740.7 
709.3 

942.2 
942.2 
942.3 
942.3 
942.4 
942.4 
942.5 
942.6 
942.7 
942.8 
943.0 
943.3 
943.7 
944.3 
946.0 

910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.0 
910.3 
910.5 
911.0 
91 1.5 
912.0 
912.5 
913.0 
914.0 
918.0 
920.1 

046.5 
048.1 
049.7 
051.3 
052.8 
054.1 
055.4 
053.4 
056.3 
063.1 
068.5 
076.4 
086.3 
105.4 
134.7 
163.0 

1000.0 
1000.0 
1000.9 
1004.7 
1008.7 
1012.9 
1017.4 
1022.4 
1026.8 
1029.3 
1031.1 
1035.0 
1036.8 
1038.3 
1039.7 
1041.1 
1043.0 
1045.7 
1047.7 
1051.7 
1055.9 
1060.0 
1062.9 
1060.6 
1055. 1 

rawn by Date 

hacked by Date Boundary Condi t ions  f o r  the Ste~idy-Sttltt? 

Date Calibrated Model evisions 

I 
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Difference Between 

Freshwater Head (m) 
Location Calculated and Observed Uncertainty of Observed 

Freshwater Head (rn) 

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-I8 
WIPP-25 
WIPP-26 
WIPP-27 
WIPP-28 
WIPP-30 

CB-1 
DOE-1 
DOE-2 

*See Appendix E. 

-1.37 
.24 

-1.68 
-033 
1.69 
1.47 

-2.13 
-1.04 
1.54 

.64 

.81 
2.09 

.89 

.98 

.50 
-1.17 

.33 

.47 
-1.40 
-1.67 

.24 

.55 
* 32 
* 43 
.49 
* 32 
.46 

52.0 
22.5 
- +3.0 
k2.0 
k2.0 
k2.0 
kl .o 
k2.5 
k2.0 
k1.5 
21.5 
k5.0 
N/A* 
k2.0 
k2.5 
22.5 
k3.0 
k2.5 
k2.0 
k2.0 
k1.5  
k 1 . 5  
k1.5 
k2.0 
k2.0 
k2.5 
k2.5 

I Differences Between Calcula ted  and Observed hewn by Date 

:hocked by Date 

hvisions I Date 
Freshwater Heads f o r  t h e  Steady-State 
I$ Cal ibra ted  Model 

A 
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Differences Between 

Freshwater Head (rn) Freshwater Head (m) 
Locat ion Calculated and Observed Uncertainty of Observed 

1 .11  k2.0 
1.88 k2.5 
1.83 k3.0 
2.67 k2.0 
1.89 k2.0 
1.48 k2.0 

-2.13 k1 .o -. 98 k2.5 
5.16 k2.0 

.91 k 1 . 5  
3.93 k1.5 
5.01 k5.0 
3.07 N/A* 
1.01 k2.0 
1.34 k2.5 

79 k2.5 
.74 k3.0 
.50 k2.5 

-.36 - +2.0 
. -1.67 k2.0 

.24 k 1 . 5  

.55 k1.5 

.32 - +1.5 

.44  k2.0 
3.31 22.0 
4.00 k2.5 

.48 22.5 

*See Appendix E. 
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Differences Between 

Freshwater Head (m) 
Location Calculated and Observed 

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-1 8 
WIPP-25 
WI PP -26 
WIPP-27 
WI PP -28 
WIPP-30 

CB-1 
DOE-1 
DOE-2 

*See Appendix E. 

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 
- I .  68 

.24 

.55 
* 32 
. 4 4  

5.41 
7.41 

.49 

k2.0 
- +2.5 
k3.0 
k2.0 
k2.0  
k2.0 
k1 .o 
k2.5 
k2.0 
k1.5 
k1.5 
k5.0 
N/A* 
k2.0 
k2.5 
52.5 
k3.0 
k2.5 
52.0 
k2.0 
k1.5 
+I . 5  
- +1.5 
22.0 
k 2 . 0  
k2.5 
- +2.5 

Differences Between Calculated and Observed Drawn by Date 

Checked by Date Freshwater Heads fclr Sensitivity Case 1 
Revisions Date (Without High-Transmissivity-Value Pi lo t  
3 Poin t s  Near-H-11) 

II I Table 4.5 
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bvs 
Difference Between 

Freshwater Head (m) Freshwater Head (m) 
Location Calculated and Observed Uncertainty of Observed 

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-I8 
WIPP-25 
WIPP-26 
WIPP-27 
WIPP-28 
WIPP-30 
CB- 1 

DOE- 1 
DOE-2 

*See Appendix E. 

-.08 
1.22 
. 00 

1.43 
2.00 
1.72 
-.24 
-.68 
3.39 
2.50 
2.38 
3.58 
2.78 
1.54 
1.89 

73 
.74 
.71 

-.71 
-1.23 

1 .49  
.61 
39 

.61 
2.34 
2.14 

.69 

rt2.0 
k2.5 
rt3.0 
k2.0 
k2.0 
k2.0 
k1 .o 
k2.5 
k2.0 
+1.5 

k5.0 
N/A* 
k2.0 
22.5 
k2.5 
k3.0 
- +2.5 
k2.0 
k2.0 
k 1 . 5  
k1 .5  
k1 .5  
k2.0 
k2.0 
rt2.5 
k2.5 

- J1.5 

Differences Between Calculated and Observed 
Freshwater Heads for Sensitivity Case 3 
(Increased Heads Along the Southwestern 

Drawn by 

Checked by 

Revisions I Boundar i es 

I Table 4.7 
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APPENDIX A BOREHOLE COORDINATES 

A spreadsheet of the borehole coordinates (Table A.l) w a s  generated t o  
reduce the possibil i ty of error i n  calculating UTM coordinates fo r  t h e  

WIPP-area boreholes. A spreadsheet program w a s  uti l ized t o  calculate the 
relative-distance vector from a borehole t o  the nearest reference borehole 
w i t h i n  t h e  same township and range. A reference borehole is a borehole 
which has UTM coordinates determined by the s a t e l l i t e  survey performed i n  
1984 (Hydro Geo Chem, 1985). These boreholes are  identified i n  the 
reference column of the spreadsheet wi th  SAT SUR 84. With the exception 
of the reference boreholes, the reference column refers the reader t o  the 
data source fo r  the distances used t o  locate a well i n  a section of a 
township and range. 

Once the relative-distance vector between a borehole and its reference 
borehole is calculated, the spreadsheet algorithm rotates the distance 
components 0.633 degrees clockwise t o  the UTM-coordinate system. This 

occurs because the township and range coordinate system is not parallel  t o  
the UTM-coordinate system. Thus, a rotation of the relative distance 
vector components must be performed before the relative distance may be 
added t o  the reference boreholes UTM coordinates. The 0.633 value was 
calculated from differences of relative angles between boreholes us ing  UTN 
s a t e l l i t e  survey values and township and range values. The UTM 

coordinates for a borehole are then simply the addition of the UTM 
relative-distance vector t o  the UTM coordinates of its reference borehole. 
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H-1 29 
H-2A 29 
H-2B 29 
H-2C 29 

H-3B1 29 
H-3BZ 29 
H-3B3 29 

H - 4 A  5 
H - 4 B  5 
H-4C 5 
H-5A 15  
H-5B 15  
H-5C 15  
H-6A 18 
H-6B 18 
H-6C 18 
H-7A 1 4  

H - 7 B 1  1 4  

H-BA 23 
H-8B 23 
H-8C 23 
H-9A 4 
H-9B 4 
H-9C 4 

H-1OA 20 
H - 1 O B  20 
H-1OC 20 

H - l l B l  33 
H-llB2 33 
H-llB3 33 

H-12 
H - 1 4  29 
H-15 28 
H-16 20  
H - 1 7  3 
H-18 20 

P-1  29 
P-2 28 
P-3 20 
P-4 28 
P-5 17 
P-6 30 
P-7 5 
P-8 4 
P-9 33 

P-10 26 
P-11 23 
P-12 24 
P-13 18 
P-14 24 
P-15 31 
P-16 5 
P-17 4 

H-7c 14 

T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T23S 
T23S 
T23S 
T23S 
T23S 
T23S 
T22S 
T22S 
T22S 
T23S 
T23S 
T23S 
T24S 
T24S 
T24S 
T24S 
T24S 
T24S 
T23S 
T23S 
T23S 
T22S 
T22S 
T22S 

T22S 
T22S 
T22S 
T23S 
T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T23S 
TZ3S 
T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T23S 
T23S 

R3 1E 
R3 1 E  
R3 1E 
R3 1E 
R 3  1 E  
R3 1 E  
R3 1 E  
R3 1E 
R3 1E 
R3 1E 
R 3  1 E  
R3 1 E  
R3 1 E  
R3 1 E  
R3 1 E  
R3 1 E  
R3 1 E  
R30E 
R30E 
R3 OE 
R30E 
R30E 
R3 1E 
R3 1 E  
R3 1 E  
R32E 
R3 2E 
R32E 
R3 1 E  
R3 1 E  
R3 1 E  

R3 1E 
R3 1E 
R3 1 E  
R3 1 E  
R3 1E 
R3 1 E  
R3 1 E  
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R 3  1E 
R3 1E 
R30E 
R3 1 E  
R30E 
R3 1E 
R3 1E 
R3 1E 

623.31 
726.17 
695.57 
637.15 

3194.70 
3157.98 
3258.07 

545.89 
498.47 
446.36 

1093.12 
1006.80 
1006.47 
2'83.80 
195 .61  
280 .61  

2495.04 
2565.80 
2591.93 
1962.61 
1994.76 
2059.39 
2392.14 
2391.04 
2479.06 
4846.96 
4795.46 
4895.46 
3769.33 
3843.84 
3778.49 

4907.80 
88.67 

4167.19 
3814.00 

964.00 
4952.00 

121.00 
5176.00 
5131.00 
5094.00 
2509.00 

514.00 
640.00 

3787 . O O  
2341.00 

156.00 
165.00 
1 1 0 . 0 0  

4971.00 
4869.00 
4341.00 
3924.00 

1082.75 
3581.57 
3619.43 
3571.38 

138.10 
231.32 
217.77 

4560.00 
4647.46 
4562.11 

184.33 
234.21 
134.20 

5005.07 

4905.19 
2787.65 
2716.55 
2812,49 
1486.59 
1405.39 
1470.14 
5141.08 
4996.37 
5091.98 
2068.91 
1984.84 
1981.84 

173 .91  
168.62 
105.22 

4717.60 
174 .30  

1241.19 
4287 . O O  
4834.00 
4728.00 

171.00 
3126.00 
1485.00 

160.00 
5085.00 
4887.00 
5188.00 

126.00 
4957.00 
5097 . O O  

198.00 
5133.00 
4667.00 
5090.00 
3633.00 
4882.00 

4957 . a5  

3581672.40 
3581649.47 
3581658.92 
3581676.57 
3580885.50 
3580897.00 
3580866.45 
3578465.35 
3578480.10 
3578495.69 
3584782.92 
3584809.40 
3584809.16 
3584962.35 
3584989.07 
3584962.99 
3574668.93 
3574647.12 
3574639.48 
3563566.60 
3563556.53 
3563537.05 
3568265.50 
3568265.35 
3568238.84 
3572460.79 
3572476.20 
3572445.71 
3579137.19 
3579114.47 
3579134.17 
3575441.64 
3580378.80 
3581814.50 
3582202.08 
3577432.79 
3583190.47 
3580365.36 
3581804.64 
3581900.96 
3580282.09 
3583525.22 
3581128.94 
3578476.17 
3578421.00 
3579186.28 
3581216.96 
3583458.04 
3583421.53 
3585015.76 
3581971.79 
3578739.00 
3577305.54 
3577419.05 

613426.50 
612664.55 
612653.11 
612667.96 
613705.75 
613677.46 
613681.26 
612404.00 
612377.50 
612403.69 
616882.79 
616867.88 
616898.36 
610584.55 
610599.24 
610615.00 
608104.17 
608125.60 
608096.27 
608641.85 
608666.49 
608646.54 
613946.29 
613990.40 
613960.96 
622953.64 
622979.44 
622980.02 
6l5338.97 
615340.33 
615359.87 
617017.80 
612304.22 
615314.45 
613384.06 
615694.72 
612299.82 
612300.90 
615315.35 
612806.20 
614897.98 
613728.26 
610591.06 
612304.44 
613821.54 
615329.43 
617098.20 
616980.12 
610462.71 
610546.14 
609084.43 
610624.60 
612673.75 
613903.74 

H- 1 
H-1 
H- 1 
H- 1 
H- 1 
H- 1 
H-4B 

H- 4B 

H-5A 
H-5A 
H-6C 
H-6C 

H- 7A 
H-7A 
H-8B 

H-8B 
H- 9B 

H-9B 
H-1OB 

H- 10B 
H-llB3 
H-1lB3 

H- 1 
H- 1 
H- 1 
H-4B 
H- 1 
H - 1  
H- 1 
H- 1 
H- 1 
H- 1 
H- 1 
H-4B 
H-4B 
P-18 
P- 18 
H-5A 
P-14 
H- 6C 

8 - 4 8  
H-4B 

SAT SUR 84 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 03 
SAND86-7161 
SAND86-7161 
MERCER 83 
SAT SUR 84 

SAT SUR 84 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
SAT SUR 84 
SAT SUR 84 
MERCER 83 
MERCER 83 
MERCER 83 
SAT SUR 84 
MERCER 83 
MERCER 83 
SAT SUR 84 
MERCER 83 
MERCER 83 
SAT SUR 84 
MERCER 83 
REDDY 7 /86  
REDDY 7/86 
SAT SUR 84 
SAT SUR 84 
REDDY 10186 
REDDY 10186 
REDDY 8 /87  
REDDY 8 /87  
REDDY 9 /87  
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 03 
MERCER 83 
MERCER 83 
MERCER 83 
SAT SUR 84 
SAT SUR 84 
MERCER 83 
MERCER 83 

MERCER a3 
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P-18 26 
P-19 23 
P-20 14 
P-21 15 

WIPP-11 9 
WIPP-12 17 
WIPP-13 17 
WIPP-16 5 
WIPP-18 20 
WIPP-19 20 
WIPP-21 20 
WIPP-22 20 
WIPP-25 15 
WIPP-26 29 
WIPP-27 2 1  

WIPP-29 34 
WIPP-30 3 3  
WIPP-33 13 
WIPP-34 9 
AEC-7 31 
AEC-8 11 
ERDA-6 35 
ERDA-9 20 
ERDA-10 34 

CB-1 5 
ENGLE 4 
USGS-1 34 
FF-127 2 
DOE-1 28 
DOE-2 8 
WHS 20 
css 20 
EXS 20 

WIPP-28 ia 

T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T21S 
T22S 
T22S 
T22S 
T22S 
T22S 
T22S 
T21S 
T21S 
T22S 
T21S 
T22S 
T22S 
T21S 
T22S 
T21S 
T22S 
T23S 
T23S 
T24S 
T23S 
T23S 
T22S 
T22S 
T22S 
T22S 
T22S 

R3 1E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R30E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R30E 
R30E 
R30E 
R3 1E 
R29E 
R3 1E 
R3 OE 
R3 1E 
R3 2E 
R3 1E 
R3 1E 
R3 1E 
R30E 
R3 1E 

R30E 
R30E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 
R3 1E 

R3 1E 

5141.00 
3628.00 
4479.00 
859.00 
711.07 

5 1 3 2 . 1 0  
2714.32 
2925.00 
983.58 
2292.66 
3728.92 
2735.55 
3427.28 
2232.27 
89.79 
98.72 

4873.30 
667.50 
3518.00 
5078.00 
2040.00 
935.00 
3128.00 
5012.77 

200 .00  
1989.50 
5020 .00  
3630.00 
4867.50 
5098.00 
4575.93 
4612.00 
4212.00 
4612.00 

733.00 
2945.00 
79.00 
130 .OO 
4085.92 
83.91 

3549.41 
5140.00 
11.45 
12.68 
11.74 
11.94 

2838.10 
12.20 

3794.97 
2400.99 
1827.54 
5102.59 
2853.00 
3280 .OO 
2040.00 
3301.00 
910.00 
176.74 
2327.00 
2017.06 
1980.00 
2970 .OO 
412.50 
610 .OO 
128.19 
5 5 1 . 0 0  
576.00 
151.00 

3580349.33 
3582427.19 

3584854.09 
3586564.41 
3583513.35 
3504261.93 
3597063.02 
3583168.25 
3582769.27 
3582331.51 
3582634.28 
3584025.22 
3581041.22 
3593077.03 
3594734.96 
3578773.00 
3589707.33 
3584017.80 
3585228.02 
3589376.43 
3586455.24 
3588907.71 

3570556.86 
3578016.79 
3567453.92 
3569513.62 
3577156.37 
3580298.26 
3585119.40 
3582064.18 
3582186.18 
3582062.83 

3583732.ai 

3581940.77 

618376.18 
617724.88 
618512.75 
616900.14 
613832.91 
613751.32 
612703.23 
602457.22 
613769.59 
613764.81 
613760.25 
613763.54 
606386.67 
603994.77 
604432.62 
611376.93 
596940.83 
613716.77 
609659.99 
614307.66 
621131.67 
617533.75 
618204.85 
613705.64 
606589.67 
613174.18 
614900.89 
606382.14 
608855.66 
615196.33 
613720.11 
613592.92 
613586.65 
613714.83 

P-18 
8-5A 
E-5A 
IEC-8 
H- 1 
H- 1 

H- 1 
H- 1 
H- 1 
H- 1 

kIIPP-27 

w1: PP-3 0 

P-14 
IIEC-8 

GIIPP-30 
A- 1 
8-7A 
8-4B 
8-9B 
8-7A 
H- 7A 

E- 1 
H- 1 
E - 1  

SAT SUR 84 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 03 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
MERCER 83 
SAT SUR 04 
SAT SUR 84 
SAT SUR 84 
SAT SUR 84 
SAT SUR 84 
SAT SUR 84 

MERCER 83 
SAT SUR 84 

MERCER 0 3  
MERCER 03 
MERCER 83 
E D D Y  2/07 
SAND87-0039 
COOPER GLANZ 
COOPER GLANZ 
SAT SUR 84 
SAT SUR 84 
DOE RPT# TME3179 
DOE RPT# TME3179 
DOE RPT# TME3179 

MERCER a3 

SAT SUR 84 
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APPENDIX B CULEBRA ELEVATIONS 

The Culebra elevations i n  meters above mean sea level ( m  amsl) i n  the 
WIPP-area boreholes are presented i n  Table B . l .  The elevations are 
calculated frcm the referenced ground-surface elevations and the 
stratigraphic information taken from data sources f o r  these particular 
boreholes. Several references are used for  the  ground-surface elevation 
values including published references, personal communication w i t h  

R.L. Beauheim a t  Sandia National Laboratories, and recent surveys 
performed by D. Reddy of Carlsbad, New Mexico. Where possible, the 
Beauheim-recmended elevation was chosen as the most representative. 
In instances where boreholes d i d  not have a Beauheim-recommended value, 
other references were used to  determine a ground-surface elevation. 

The depths to  the Culebra top ,  center, and bottom are l i s ted  i n  Table B . l  

and are taken from INTERA (1987). These values are presented i n  feet  
below ground surface. The elevations of the top, center, and bottom of 
the Culebra i n  meters above mean sea level are also l i s ted  i n  Table B.l. 
These values are calculated from the surface elevations and depth values. 

REFERENCES : 

Beauheim, R. L . ,  1987. Interpretations of Single-Well Hydraulic Tests 
Conducted a t  and Near the Waste Isolation P i l o t  Plant (WIPP) Site, 
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Davies, P . B . ,  1988. Variable-Density Ground-Water Flow arid Paleohydrology 
i n  the Region Surrounding the Waste Isolation Pilot Plant (WIPP) ,  

Southeastern New Mexico. U.S. Geological Survey, Water Resources 
Investigations. 
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Pilot  Plant, SEW, Hydrologic Data Report #3. Sandia National 
Laboratories, Contractor Report SAND86-7109. 

I N T E A A  Technologies, 1987. Field Operations Plan f o r  Monitoring of 
Ground-Water Observation Wells a t  the Waste 1solai;ion Pilot Plant 
(WIPP) Site. Prepared f o r  Sandia National Laboratories. 

Mercer, J.W., 1983. Geohydrology of the  Proposed Waste Isolation Pi lo t  
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H- 1 

H-2A 
H-261 
H- 282 
H - 2 C  

H-3B1 
H-362 
H-3B3 

H - 4 A  
H-4B 
H - 4 C  

H-SA 
H - 5 B  
H - 5 C  

H-6A 
H-6B 
H-6C 

H-7B1 
H-762 
H-7C 

H-8B 
H-8C 

H-9A 
H-96 
H-9C 

H-1OB 
H-1OC 

H-11B1 
H-1162 
H-11B3 

H- 12 

H-14 

H-15 

H-16 

H-17 

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 
3433.0 

3405.4 
3405.6 
3405.9 

3687.0 
3686.9 

3412.1 
3412.1 
3412.1 

3426.0 

3345.6 

3480.2 

3409.6 

3384.0 

rawn bv I Data I 

MERCER 83 

RLB 
RLB 
REDDY 
RLB 

RLB 
S 86-7109 
S 86-7109 

RLB 
RLB 
RLB 

RLB 
RLB 
RLB 

MERCER 83 
MERCER 83 
MERCER 83 

RLB 
CALCULATED 
RLB 

S 87-0039 
MERCER 83 

RLB 
MERCER 83 
MERCER 83 

MERCER 83 
MERCER 83 

REDDY 
REDDY 
REDDY 

REDDY 

RLB 

RLB 

REDOY 

REDOY 

676 

623 
624 
623 
624 

670 
6 76 
673 

496 
490 
490 

897 
897 
899 

604 
604 
604 

237 
237 
237 

5 88 
588 

647 
647 
647 

1360 
1360 

730 
733 
734 

823 

545 

861 

700 

706 

688 

634 
633 
634 
633 

682 
688 
685 

508 
503 
503 

909 
909 
91 2 

616 
616 
616 

256 
256 
256 

60 1 
60 1 

662 
662 
662 

1376 
1376 

743 
74 5 
74 7 

837 

559 

872 

712 

719 

699 

645 
642 
645 
642 

694 
700 
696 

5 20 
516 
516 

920 
920 
924 

627 
627 
627 

2 74 
2 74 
2 74 

614 
614 

677 
677 
677 

1391 
1391 

756 
757 
759 

850 

5 72 

883 

724 

731 

829.6 

839.7 
839.3 
839.6 
839.3 

828.9 
826.7 
827.3 

864.7 
866.4 
866.4 

795.1 
795.0 
794.5 

836.1 
836.2 
836.3 

892.0 
892.1 
892.0 

867.4 
867.2 

840.8 
840.8 
840.9 

709.3 
709.2 

817.5 
816.6 
816.3 

793.4 

853.6 

798.3 

826.0 

816.3 

826.1 

836.3 
836.6 
836.2 
836.6 

825.2 
823.1 
823.8 

861 .O 
862.5 
862.4 

791.6 
791.5 
790-7 

832.6 
832.7 
832.8 

886.4 
886.5 
886.3 

863.4 
863.2 

836.2 
836.2 
836.3 

704.5 
704.5 

813.5 
812.9 
812.5 

789.3 

849.5 

795.0 

822.2 

812.4 

822.6 

833.0 
833.8 
832.9 
833.8 

821.6 
819.4 
820.3 

857.3 
858.5 
858.5 

788.1 
788.0 
786.9 

829.1 
829.2 
829.3 

880.8 

880.7 
880.9 

859.5 
859.2 

831.6 
831.7 
831.8 

699.8 
699.8 

809.6 
809.3 
808.7 

785.2 

845.4 

791.6 

818.4 

808.5 

7.0 

6.7 
5.5 
6.7 
5.5 

7.3 
7.3 
7.0 

7.3 
7.9 
7.9 

7.0 
7.0 
7.6 

7.0 
7.0 
7.0 

11.3 
11.3 
11.3 

7.9 
7.9 

9.1 
9.1 
9.1 

9.4 
9.4 

7.9 
7.3 
7.6 

8.2 

8.2 

6.7 

7.6 

7.8 
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DOE- 1 

D O E - 2  

P -  1 

P-2 

P - 3  

P-4 

P - 5  

P-6 

P-7 

p - a  

P-9 

P -  10 

P - 1 1  

P-12 

P -  13 

P -  14 

P - 1 5  

P-16 

P-17 

p- i a  

P-19 

P-20 

P-21 

W I P P -  11  

WIPP-12 

WIPP-13 

3465.1 

3418.4 

3345.1 

3479.4 

3382.7 

3443 .a 
3470.9 

3354.1 

3332.0 

333a.6 

3411.5 

3509.3 

3503.9 

3373.6 

3345.2 

3359.8 

3309 .a 
3317.9 

3335 .a 
3477.3 

3545.1 

3552.7 

3509.0 

3426.1 

3471.3 

3405.4 

REDDY 

R L B  

MERCER 83 

MERCER a3 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

REDDY 

RLB 

MERCER 83 

REDDY 

REDDY 

MERCER 83 

MERCER 83 

MERCER 83 

MERCER 83 

REDDY 

R L B  

a20 a32 

824 a35 

538 552 

a57 a70 

642 654 

775 789 

804 a i 6  

537 549 

496 509 

563 576 

734 746 

931 944 

912 925 

633 645 

604 616 

573 584 

413 424 

500 512 

s5a 571 

912 926 

967 982 

953 966 

899 912 

844 a56 

810 a23 

701 713 

a43 

a46 

565 

a83 

665 

802 

827 

560 

522 

588 

757 

957 

938 

656 

627 

595 

435 

5 23 

s a3 

940 

997 

979 

924 

a67 

835 

724 

806.2 

790 .a 

855.6 

799.3 

835.4 

813.5 

ai2.9 

858.7 

864.4 

846. o 
a i 6 . i  

785.9 

790.0 

a35.3 

835.5 

849.4 

882.9 

858.9 

846.7 

781.9 

785 .a 
792.4 

795.5 

787.0 

811.2 

824.3 

802.7 

787.4 

851.5 

795.3 

831.9 

809.3 

809.4 

855.1 

860.5 

842.2 

ai2.6 

781.9 

786.0 

a31 .a 
832.0 

846.1 

879.6 

a55.4 

842.9 

777.6 

781.2 

788.4 

791.7 

783.5 

807.4 

820.8 

799.2 

784.1 

847.4 

791.4 

828.4 

805.2 

805.9 

851 -6 

856.5 

838.4 

809.1 

777.9 

782.1 

828.3 

828.5 

842.7 

876.2 

851.9 

839.1 

773.4 

776.7 

784.5 

787.9 

780. o 

803.5 

817.3 

7.0 

6.7 

8.2 

7.9 

7.0 

8.2 

7.0 

7.0 

7.9 

7.6 

7.0 

7.9 

7.9 

7.0 

7.0 

6.7 

6.7 

7.0 

7.6 

8.5 

9.1 

7.9 

7.6 

7.0 

7.6 

7.0 
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UIPP-18 

UIPP-19 

UIPP-21 

UIPP-22 

UIPP-25 

UIPP-26 

UI PP - 27 

UIPP-28 

UIPP-29 

UIPP-30 

ERDA-6 

ERDA-9 

ERDA-10 

CB-1 

ENGLE T 

AEC-7 

AEC-8 

FFG242 + 

REFERENCES 

+ 

3456.4 

3433.1 

3417.1 

3425.8 

3212.5 

3151.7 

3177.2 

3346.6 

2977.0 

3427.5 

3540.2 

3408.8 

3371.2 

3327.3 

3419.0 

3654.0 

3531.5 

RLB 

S 87-0039 

REDDY 

S 87-0039 

RLB 

RLB 

RLB 

RLB 

RLB 

RLB 

MERCER 83 

RLB 

MERCER 83 

RLB 

S 87-0039 

MERCER 83 

MERCER 83 

787 798 

756 768 

729 741 

742 753 

447 460 

186 198 

292 305 

420 433 

12 27 

631 642 

710 723 

704 716 

476 490 

503 516 

659 670 

870 883 

833 846 

808 

779 

753 

764 

4 72 

209 

318 

446 

42 

653 

735 

727 

5 04 

5 29 

681 

896 

859 

813.6 

816.0 

819.3 

818.0 

842.9 

904.0 

879 * 4 

892.0 

903.7 

852.4 

862.6 

824.4 

882.5 

860.8 

841.2 

848.6 

822.5 

810.4 

812.5 

815.7 

814.7 

839.1 

900.4 

875.4 

888.1 

899.1 

849.0 

858.8 

820.9 

878.2 

856.9 

837.9 

844.6 

818.5 

726.2 

807.2 6.4 

809.0 7.0 

812.0 7.3 

811.3 6.7 

835.3 7.6 

896.9 7.0 

871.5 7.9 

884.1 7.9 

894.6 9.1 

845.7 6.7 

855.0 7.6 

817.4 7.0 

873.9 8.5 

852.9 7.9 

834.5 6.7 

840.6 7.9 

814.6 7.9 

AVG = 7.7 rn 
THICKNESS 

FFG242 DEPTH TO BASE OF CULEBRA VALUE FROM DAVIES (1988) 
A THICKNESS OF E I G H T  M I S  ASSUMED FOR HIDPOINT-VALUE CALCULATION 

h w n  by Date 

:hocked by Date I 
?evisions Date 

Q9700R554 
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APPENDIX C CULEBRA TRANSMISSIVITIES 

The Culebra t r ansmiss iv i ty  data base is presented i n  Table  C . l .  For each 
borehole,  Table  C . l  conta ins :  

6 )  
7 )  

t he  re ferences  f o r  t he  cited t r ansmiss iv i ty  va lues ;  
t he  type  of tests performed; 
t he  repor ted  t r ansmiss iv i ty  va lue  i n  f t2 /day;  
the equiva len t  t r ansmiss iv i ty  i n  m 2 1s and its loglo  va lue ;  

t h e  s e l e c t e d  t r ansmiss iv i ty  va lues  used i n  determining the 

r ep resen ta t ive  value (see below for  explana t ion)  ; 
the  average l o g  t r ansmiss iv i ty  of the selected values;  
the r ep resen ta t ive  borehole and hydropad t r ansmiss iv i ty  va lues  
(and t h e i r  logs) which are used i n  t h e  modeling. 
c m e n  t s ; 

p o s s i b l e  p i lo t -po in t  t r ansmiss iv i ty  va lues  (denoted by a p lus  
s i g n ) .  

The t r ansmiss iv i ty  va lues  are t abu la t ed  based upon t h e  type of hydraul ic  
test  performed. Pumping and slug tests produce t h e  t r ansmiss iv i ty  values  
needed i n  a k r ig ing  ana lyses  ( i .e . ,  local-scale va lues ) .  This is because 
the t r ansmiss iv i ty  is u l t ima te ly  assigned t o  a g r i d  block t h a t  is on t h e  

scale of tens  of meters. Thus, t r ansmiss iv i ty  va lues  determined f rm 
regional -sca le  i n t e r f e r e n c e  tests,  which stress hundreds of meters, or 
from DST's,  which stress only a very small po r t ion  of the  formation,  are 
not considered t o  represent  t h e  l o c a l  scale. The values  determined from 
these large- and small-scale tests were therefore no t  selected i n  the 

ca l cu la t ion  of t h e  f i n a l  r ep resen ta t ive  t r ansmiss iv i ty .  Small-scale 
in t e r f e rence  tests wi th in  a hydropad are considered r ep resen ta t ive .  For 
example, each of t h e  three wells a t  t h e  H-6 hydropad has  had seve ra l  
pumping tests performed. The i n t e r f e r e n c e  va lues  determined wi th in  t h e  

hydropad are considered t o  r ep resen t  local-scale condi t ions  and were 
therefore included as selected values .  

HO 970  0 R5 5 4 c- 1 



@ 
The second s e l e c t i o n  c r i t e r i o n  is the q u a l i t y  of the  value from the local- 
scale test .  O n  s eve ra l  occasions,  tests a t  a borehole have produced 
seve ra l  values  that  are cons i s t en t  and one value t ha t  is not .  This la t ter  
value could result from a poor test or a poor a n a l y t i c a l  f i t  t o  the test  
data. One example of t h i s  occurr ing is at  borehole H-3bl, where a value 
of 27 f t2 /day  was determined for  a s l u g  test .  An earl!.er bailer tes t  gave 
a value of 12 f t2 /day .  These values  were subsequently averaged and 
presented as 19 f t2 /day  i n  Mercer (1983).  The o the r  values  a t  t h i s  well 
and a t  the  other wells i n  t'ne hydropad are between 1 and 3 f t2 /day .  

Therefore,  t he  higher number was not considered cons i s t en t  and was not 
s e l ec t ed  for  use i n  c a l c u l a t i o n  of t h e  mean and s tandzrd  dev ia t ion  of t h e  

l o g  t r ansmiss iv i ty  values  f o r  t h e  hydropad. 

The above cr i ter ia  were used as g u i d e l i n e s ,  and were not  adhered t o  

s t r i c t l y  i n  a l l  cases. DST values  were selected on seve ra l  occasions i n  
order  t o  have more than a s i n g l e  value a t  a borehole (e .g . ,  H-14,  H-15) .  
The selected DST values  were, however, cons i s t en t  w i t h  t he  o t h e r  values  a t  
the boreholes.  

Once values were selected, the  mean of t he  log of the  s e l e c t e d  transmis- 
s i v i t y  values  w a s  ca lcu la ted .  These c a l c u l a t i o n s  do not use reported 
reg iona l - in te r fe rence  tes t  values .  

The Culebra t r ansmiss iv i ty  data base (Table C . 1 )  was a l s o  used t o  deter- 
mine the uncer ta in ty  assoc ia ted  with the selected t r ansmiss iv i ty  values .  
This  w a s  done t o  ( 1 )  q u a n t i f y  t h e  uncer ta in ty  of the t r a n s m i s s i v i t y  a t  a 
given borehole,  and ( 2 )  incorpora te  t h e  r e s u l t s  i n t o  the K603 k r ig ing  
exerc ise .  Therefore,  t h e  s tandard dev ia t ion  and var iance of t h e  selected 
t ransmiss iv i ty  values  for  a given borehole o r  hydropad were ca l cu la t ed .  
In  t h i s  ca l cu la t ion  a l l  data wi th  t h e  except ion of the reg iona l -sca le  
in t e r f e rence  values were used. The r e s u l t i n g  values are i n d i c a t o r s  for 

t h e  r ep roduc ib i l i t y  of hydraul ic  tes t ing results a t  t,he d i f f e r e n t  hydro- 
pads or boreholes. I t  is assumed t h a t  t h e  hydraul ic  tests have tested a @ 
H09700R554 c-2 



sufficiently representative rock volume. The standard deviation, 
therefore, may be interpreted as the uncertainty associated with the 
transmissivity values. In addition, a normal error distribution is 
assumed. Thus, the selected transmissivity value plus or  minus two 
standard 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 t o  be based on a sufficiently large number of 
measurements (e.g., 30). Most standard deviations i n  Table C.2 are based 
on a much smaller number. Some of these standard deviations are very 
small (e.g., at P-15) and appear to erroneously indicate a very low 
uncertainty associated with the transmissivity data. Therefore, it was 
assumed that the minimum uncertainty associated with pumping-test results 
is half an order of magnitude, which corresponds to an uncertainty on the 
log scale of 0.25 (log m2/s). For the other tests such as DSTs or slug 
tests, a minimum uncertainty of one order of magnitude (corresponding to a 
standard deviation of 0.5) was assumed. 

The resulting standard deviations and variances as they were used for the 
K603 kriging of the transmissivity field are listed in the last two 
columns in Table C.2. 

REFERENCES 

The references for the data sources are listed at the end of Table C.l. 
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H-1 

H-2a 

H-2bl 

H-2b2 

H-2c 

H-3bl 

H -3K  

H-3M 

H-4a 

H-4b 

Chackad ty 

M9700FS54 
R.J"i,iO"S 

EEAUHEIM 
EEAUHEIM 

UERCER 
SEUARD 

EEAUHEIU 

Od. 

Dd. 
Culebra Dolomite Transmissivity Data 3ase 

UERCER 
GONZALEZ 
SEYARD 

BEAUHEM 
BEAUHEIM 

BEAUHEIN 
EEAUHEIM 

MERCER 
SEYARD 

BEAUHEM 
BEAUHEIU 

BEAUHEIM 
EEAUHEIM 

GDNZALEZ 
GDNZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 

GONZALEZ 
GONZALEZ 

MERCER e t  S I  
GDNZALEZ 
GONZALEZ 
GONZALEZ 
GDNZALEZ 

SEYARO 

'87b 
'87a 
'83 
'82 
'87C 

' 83  
'83  
'82 

'87a 
'87s 

87a 
'87a 
'83 
'82 

'87a 
'87a 

'87a 
'878 

'83 
'83 
' 83 
'83 
'83 
'83 

'83 
'83 
'81 
'83 
'83 
'83 
'83 
'82 

SLUG 
I ~ OB(M382) 

SLUG 
DST 

I - GWY-13) 

SLUG 
PUUPlWG 

DST 

I - OB(H382) 
I - OBCY-13) 

I - OB(H3B2) 
I - OB(H383) 

SLUG 
DST 

I - OB(H3B3) 
PUnPlnG '85 

I - OB(H3BZ) 
PUUPING '84 

I - OB(H48)D 
I - OB(H48)R 

I - OE(H4C)Ol 
I - OE(H4C)Rl 
I - DE(H4C)DZ 
I - OE(H4C)RZ 

PUMPING D 
PUMPING REC 

SLUG 
I - OB(4C)Dl 
I - OB(4C)Rl 
I - OB(&C)D2 
I - OB(4C)RZ 

os1 

.0.7 7.561-07 
0.46 4.97E-07 + 
0.07 7.568-08 
0.08 8.648-08 
20. 2.16E-05 + 

0.4 4.32E-07 
0.7 7.56E - 07 
0.5 5.40E-07 

1.2 1.30E-06 + 
16. 1.73E-05 t 

1 .8 1.948-06 
3.0 3.24E-06 
19.0 2.05E-05 
0.7 7.56E -07 

3.0 3.24E-06 
1.7 1.848-06 

1.8 1.94E-06 
2.9 3.13E-06 

1.7 1.84E - 06 
0.9 9.72E-07 
1.1 1.19E-06 
1.3 1.40E-06 
1.3 (.LO€-06 ... . .- .. 
1.6 1.738-06 

-6.1215 
-6.3038 
-7.1215 
-7.0635 
-4.6655 

-6.3645 
-6.1215 - 6.2676 

-5.8874 
-4.7625 

-5.71 13 
-5.48% 
-4.6878 
-6.1215 

-5.48% 
-5.7361 

-5.7113 
-5.5042 

-5.7361 
-6.0123 
-5.9252 
-5.8526 
-5.8526 
-5,7625 

-6.4895 
-6.3645 
-6.0123 
-6.0635 
-5.8526 
-5.8874 
-5.7113 
-6.0321 

YES 
NO 
NO 
no 
NO 

NA -6.1215 

YES 
YES 
YES -6.2512 -6.2512 

NO 
NO 

YES 
YES 
NO 
NO 

YES 
YES 

YES 
YES -5.6070 -5.6070 

YES 
YES 
YES 
YES 
YES 
YES 

YES 
YES 
YES 
YES 
YES 
YES 
YES 
NO 

7.568-07 VALUE ASSIGNED 
TO H-1 BOREHOLE 

5.61E-07 VALUE ASSIGNED 
TO H-2 HYOROPAD 

2.47E-06 VALUE ASSIGNED 
TO H-3 HYOROPAD 
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n-4c 

H-Sa 

H-5b 

n-5c 

n-6a 

H-6b 

w-6c 

H-7a 
Omrn by 

BEAUHEIM '87b 
GONZALEZ '83 
GONZALEZ '83 

ode 

GONZALEZ '83 
GONZALEZ $83 
GONZALEZ '83 
GONULEZ '83 

Checked b, 

GONZALEZ '83 
GONZALEZ '83 
GONZALEZ '83 
GONZALEZ '83 

mt. 

GONZALEZ '83 
GONZALEZ .83 
GONZALEZ '83 

OENN. h MERCER '82 
SEUARD 

, 
Hl9700F554 

I mm Technologies 

GONULEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 

Table C . l  ( con t . )  

BEAUHEIM 
GONZALEZ 
GONULEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 
GONULEZ 

BEAUHEIM 
BEAUHEIM 
GONZALEZ 
GONZALEZ 
GONZALEZ ~~ 

GONULEZ 
GONZALEZ 
GONZALEZ 
DENNEHY 
DENNEHY 
SEUARD 

GONZALEZ 
WNZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 

'82 

' 83  
'83 
'83 
'83 

'87C 
'83 
'83 
'83 
'83 
83 

'83 

'87C 
'86 
'83 
'83 
'83 
'83 
'83 
'83 ' 82 
'a2 
'a2 

'83 
1 8 3  
'83 
'83 
'83  

SLUG 
I - OB(H4B)O 
I ~ OB(H4B)R 
PUMPING 10 
WNPlNG 1R 
PUMPING 20 
PUMPING 2R 

I ~ OB(H5C)O 
I - OB(H5C)R 
I - OB(H5B)O 
I - OB(H5B)R 
PUMPING R 

I - OB(H5C)D 
I ~ OB(H5C)R 

SLUG 
DS1 

PUMPING D 
PUMPING R 

I - OB(H5B)O 
I - OB(H5B)R 

I - OBCY-13) 
I - OB(DcE2> 
PUMPING D 
PUMPING R 

I - OBCH6C)Dl 
1 - OB(H6C)Rl 
I - OB(H6C)DZ 
I - OB(H6C)RZ 
PWPINC D '79 
PUMPING R '79 

DST 

PUMPING 1R 
I - OB(H6B)D 
I - OB(H6B)R 
WMPING 20 
WMPING 217 

0.65 
1.5 
0.7 
0.6 
1.0 
0 .4  
1.7 

0.15 
0.19 
0.11 
0.20 

0.22 
0.12 
0.24 
0.20 
0.86 

0.04 
0.11 
0.16 
0.11 

71. 
67. 
77. 
87. 
66. 
70. 
69. 

69. 
61. 
79. 
88. 
86. 
63. 
69. 
67. 
73. 
83. 
75. 

71. 
70. 
77. 
72. 
72. 

7. OZE - 07 
1.62E-06 
7.561-07 
6.481-07 
1.08E-06 
4.32E-07 
1.84E-06 

1.62E-07 
2.05E-07 
1.19E -07 
2.16E-07 

2.38E-07 
1.30E-07 
2.598-07 
2.1bE-07 
9.29E-07 

4.32E-08 
1.1%-07 
1.73E-07 
1. WE-07 

7.67E-05 + 
7.24E-05 
8.32E - OS ~ .-. .. 
9.40E - 05 
7.13E-05 
7.561 -05 
7.45E-05 

7.458-05 + 
6.59E-05 + 
8.535-05 
9.5OE-05 
9.29E-05 
6.8OE-05 
7.4%-05 
7.248-05 
7. 88E - 05 
8.96E-05 
8.10E-05 

7.67€-05 
7.56E-05 
8.32E ~ 05 
7.78-05 
7.78E-05 

-6.1537 
-5.7905 
-6.1215 
-6.1884 
-5.9666 
-6.3645 
-5.7361 

-6.7905 
-6.6678 
-6.9252 
-6.6655 

-6.6242 
-6.8874 
-6.5864 
-6.6655 
-6.0321 

-7.3645 
-6.9252 
-6.7625 
-6.9252 

-4.1153 
-4.1405 
-4.0801 
-4.0271 
-4.1470 
-4.1215 
-4.1277 

-4.1277 
-4.1812 
-4.0669 
-4.0221 
-4.0321 
-4.1672 
-4.1277 
-4.1405 
-4.1033 
-4.0475 
-4.0915 

4.1153 
-4.1215 
-4.0801 
-4.1092 
-4.1092 

YES 
YES 
YES 
YES 
YES 
YES 
YES -5.9422 -5.9922 1.02E-06 VALUE ASSIGNED 

TO H-4 HYOROPAO 

YES 
YES 
Y E S  
YES 

YES 
YES 
YES 
YES 
NO 

YES 
YES 
YES 
YES -6.8175 -6.8175 1.52E-07 VALUE ASSIGNED 

TO It-5 HYOROPAD 

NO 
YES 
YES 
YES 
YES 
YES 
YES 

YO 
uo 
YES 
YES 
YES 
YES 
YES 
YES 
YES 
YES 
NO 

YES 
YES 
YES 
YES 
YES -4.0994 -4.0944 7.95E-05 VALUE ASSIGNED 

TO H-6 HYDROF'AO 
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31OH3L108 SL-H 01 
03NllSSV 3fllVA 

310~3n08 IL-H 01 
03NDISSV 3II1VA 

310H3108 21-H 01 
03N9ISSV 3nlVA 

OVdO101H LL-H 01 
03NSISSV 3nlVA 

OVdOlOAH OL-H 01 
03N8155V 311116 

OVdOLlOAH 6-H 01 
O~NBISSV 3nivn 

PVdOUOAH 8-H 01 
(IINIISSV 3nivn 

OVdOBOAH L-H 01 
03Nl)lSSV 3nlVA 

LO-395.1 

LO-32E'L 

LO-362's 

LO-3'18.1 

SO-39L'Z 

80-39S'L 

'10-3U'L 

90-398'8 

EO-3L 1' 1 

SLZL.9- 

58L8.9- 

EZB'I.9- 

LW.9- 

565S"I- 

Sl2L.L- 

L29L.i- 

8ZSO.S- 

0956'2- 

VI1 

S8L8.9- 

s287'9- 

VN 

S6SS"l- 

VN 

L29L'E- 

8250'5- 

0956'2- 

531 

531 
531 

531 
531 

ON 
531 

531 
531 
531 
531 

531 
531 
531 

ON 
531 
531 
531 

ON 

531 

531 
531 

ON 
531 

531 

531 

SLZL'9- 

S06L.9- 
9996'9- 

2519'9- 
S687'9- 

SS'IS'L- 
L9U.9- 

2884.7- 
9155'9- 
'I6"I''I- 
&'"''I- 

'IL65"I- 
O5'"''I- 
0065'1- 

L'IEL'S- 
LL9S'C- 
LZLS"1)- 
009S.9- 
SEL6'7- 

SLZL'L- 

EL26'E- 
OE09.E- 

S29L ' 'I- 
82 50. S - 

0216'2- 

0000'E- 

LO-WS'L 

LO-329' L 
LO-380' L 

LO-3SE'C 
LO-372'E 

80 ~ 3'15' 1 
LO-3'18' 1 

50-385'2 
50-318'2 
SO-32E'E 
50-328'2 

SO-3ES'Z 
50-358'2 
50 ~ 3s '2 

+ 90-3'IE'L 
SO-37L'Z 
SO - 389' 2 
SO -3SL. 2 
50-322'1 

80-39E.L 

70-302'1 
70-36'1'2 

EO-3U'L 
90-398'8 

EO-322'1 

50-300' L 

OL . 
SL'O 
01'0 

LS'O 
OE'O 

290' 
11' 

6'EL 
0'92 
L'OE 
L'92 

7'EL 
'1'92 
8'EZ 

8'9 
'I'S2 
8'fZ 
5'52 
i'LL 

LO'O 

'LLL 
.LE2 

0'91 
2'8 

"IELL 

0001' 

sms 

isa 
smn 

isa 
snis 

~8, snis 
981 3NldYM 

snis 

SNldUfld 
IN I dUnd 

98, BNldWM 

BNldHnd 





0m.n by 

Chockad bj 

R*"i,iO"t 

Hl97OOFS54 

M. 

Date 

oat. 
Culebra Dolomite Transmissivity Data Base 
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.2 2.16E-07 -6.6655 YES NA -6.6655 2.16E-07 VALUE ASSIGNED 
TO H-17 BOREHOLE 

H-17 

DOE-1 

DOE-2 

P-1 

P-2 

P-3 

P-4 

P-5 

P-6 

P-7 

p-a 

P-9 

P-10 

P-11 

P-12 

P-13 

P-14 

P-15 

P-16 

P-17 

P-18 

P-19 

BEAUHE I U  UE SLUG 

BEAUHEIH '87a 
BEAUHEIM '87a 
BEAUHEIH '87b 
BEAUHEIM '87b 

I - OB(H382) 
I - OB(H383) 
PUMPING D 
PUWPING R 

5.5 5.94E-06 + 
12. 1.30E-05 + 
28. 3.02E-05 
11. l.19E-05 

-5.2262 NO 

-4.5194 NO 
-4.9252 YES 

-1.8874 NO 

NA -4.9252 1.19E-05 VALUE ASSIGNED 
TO DOE-1 BOREHOLE 

NA -4.0172 9.61E-05 VALUE ASSIGNED 
TO DOE-2 BOREHOLE 

BEAUHEIM '86 
BEAUHEM 1 8 7 ~  

PUWPING 
I - OB(Y-13) 

89. 9.6lE-05 
57. 6.161-05 + 

-4.0172 YES 
-4.2107 NO 

MERCER '83 
HYDRO GECCHEN UE 

BEAUHEIH '87c 

PUMPlNG 
SLUG 

I - W Y - 1 3 )  

140. 1.51E-04 
324. 3.50E - 04 
265. 2.861-04 + 

-3.8204 YES 
-3.b564 YES -3.6582 -3.6582 2.301-04 VALUE ASSIGNED 
-3.5433 YO TO P-14 BOREHOLE 

BEAUHEIN 87b 
WERCER '83 
SEYARD l a 2  

SLUG 
SLUG 
DST 

0.09 9.72E ~ 08 

0.1 1.08E-07 
0.07 7.5tz-08 

-7.0123 YES 
-7.1215 YES 
-6.9666 YES -7.0335 -7.0335 9.261-08 VALUE ASSlGNED 

TO P-15 BOREHOLE 

1 .o 1.0%-06 
1 .o 1.08E-06 
2.1 2.27E-06 

-5.9666 YES 
-5.9666 YES 
-5.6444 YES 

BEAUHEIN 'am 
WERCER '83 

HYDRO GECCHEM UE 

SLUG 
SLUG 

PUMP I NG -5.8592 -5.8592 i . 3 8 ~ - 0 6  VALUE ASSIGNED 
TO P-17 BOREHOLE 

WERCER ' 83  
HYDRO GECCHEN UE 

SLUG 
SLUG 

0.001 1.08E-09 
0.003 3.24E-09 





P-20 

P-21 

YIPP-12 

YIPP-13 

UIPP-18 

YlPP-19 

YIPP-21 

YIPP-22 

YIPP-25 

YIPP-26 

YIPP-27 

YIPP-28 

UIPP-29 

UIPP-30 

ERDA-9 

Chaskrd b, 

RWiSiO", 

Hl9700R554 

INTERA 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

MERCER 
BEAUHEIM 

MERCER 

MERCER 

MERCER 

MERCER 

MERCER 
GONZALEZ 
BEAUHEIM 

BEAUHEIM 
BEAUHEIH 

nota 

Ode Culebra Doiomite Transmissivity Data aasa 

UE 
'87C 

'87c 
'86 

'87b 
'87C 

'87b 
'87C 

'87b 
'87C 

'87b 
'87C 

'83 
'87s 

'83 

' 83  

'83 

'83 

'83 
'83 
'87c 

' 87b 
87c 

I wm Technologies 

ACID a OEVEL 
I - OB(W-13) 

Tabld 2.1 (mit . )  

PUMP I NG 
I - OB(DOE2) 

SLUG 
I ~ OB(Y-13) 

SLUG 
I - OBCY-13) 

SLUG 
I ~ OB(Y-13) 

SLUG 
I - OB(Y-13) 

PUMPING 
I - OB(U-13) 

PUMPING 

PUMP I NG 

PUMP1 u t  

PUMPING 

SLUG 
PUMP I NG 

I - OB(Y-13) 

SLUG 
I - OB(Y-13) 

0.03 
7.9 

69, 
72. 

0:30 
23. 

0.60 
24. 

0.25 
22. 

0.37 
19. 

270. 
650. 

1250. 

650 

18. 

1000. 

0.3 
0.02 
28. 

0.47 
22. 

3.24E-08 
8.538-06 + 

7.45E-05 
7.781-05 + 

3.24E-07 
2.481-05 + 

6.48E-07 
2.59E-05 + 

2.70E-07 
2.38E-05 + 

4 .  OOE - 07 
2.05E-05 + 

2.921-04 
7.021-04 + 

1.35E-03 

7.02E-04 

1.94E-05 

1.00E-03 

3.24E-07 
2.16E-08 
3.02E-05 

5.08E-07 
2.38E-05 + 

-7.4895 
-5.0689 

-4.1277 
-4.1092 

-6.4895 
-4.6048 

-6.1804 
-4.5864 

-6.5686 
-4.6242 

-6.3984 
-4.6878 

-3.5352 
-3.1537 

-2.8697 

-3.1537 

-4.7113 

-3.0000 

-6.4895 
-7.6655 
-4.5 194 

-6.2945 
-4.6242 

YES 
NQ 

YES 
NO 

YES 
NO 

YES 
NO 

YES 
NO 

YES 
NO 

YES 
NO 

YES 

YES 

YES 

YES 

YES 
NO 
NO 

YES 
YO 

NA * 7.4895 

WA -4. 1277 

NA -6.4895 

NA -6.1884 

NA -6.5686 

UA -6.3984 

NA -3.5352 

NA -2.8697 

NA -3.1537 

NA 4.7113 

NA -3.0000 

NA -6.4895 

NA -6.2945 

3.24848 

7.451-05 

3.24E-07 

6.48E-07 

2.70E-07 

4.00E-07 

2.92E-04 

1.35E-03 

7.02E-04 

1.94E-05 

1.00E-03 

3.24E-07 

5 .OBE-07 

VALUE ASSIGNED 
TO UIPP-12 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-13 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-18 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-19 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-21 BOREHOLE 

VALUE ASSIGNED 
TO UIPP-22 BOREHOLE 

VALUE ASSIGNED 
TO UIPP-25 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-26 BOREHOLE 

VALUE ASSIGNED 
TO UIPP-27 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-28 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-29 BOREHOLE 

VALUE ASSIGNED 
TO YIPP-30 BOREHOLE 

VALUE ASSIGNED 
TO ERDA-9 BOREHOLE 

C-13/C-14 





C A B I N  BEAUHEIU '8% SLUG 0.28 

ENGLE BEAUHEIU '8% PUMPING 43. 

B A B Y - 1  

USGS-1  COOPER ' 6 2  PUMPING '60-0 543. 
COOPER '62 PUMPING ' 6 0 - R  531 .  

COOPER h GLANZ. '71 PUMPING '63 468 .  

EX. SHFT. BEAUHEIM '87C I - OB(W-13) 28. 

3 .D2E-07  

4 . 6 4 E - 0 5  

5 . 8 6 E - 0 4  
5 . 7 3 E - 0 4  
5.0%-04 

3.02E -05 

- 6 . 5 1 9 4  YES 

-4.3331 YES 

-3.2318 YES 
- 3 . 2 4 1 5  YES 
-3.2963 YES 

- 4 . 5 1 9 4  NO 

NA 

NA 

-3 .2565  

-6 .5194  3 .02E-07  VALUE ASSIGHED 
TO C A B I N  BABY BOREHOLE 

-4 .3331  4 .64E-05  VALUE ASSIGNED 
TO ENGLE BOREHOLE 

-3 .2565  5 .54E-04  VALUE ASSIGNED 
TO USGS-1 BOREHOLE 

BEAUHEIU,R.L., 1986. HYDRAULIC-TEST INTERPRETATIONS FOR WELL DOE-2 AT 
THE UASTE ISOLATION P I L O T  PLANT (WIPP) S ITE ,  SANO86-1364 .  
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DENNEHY,K.f., 1982. RESULTS OF HYDROLOGIC TESTS AND WATER-CHEUISTRY 
ANALYSES, WELLS H-61 ,  H -68 ,  AND H-6C A T  THE PROWSED WASTE I S O L A T I O N  
P I L O T  PLANT S I T E ,  SWTHEASTERN NEW MEXICO: U.S. GEOLOGICAL SURVEY 
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WATER-CHEMISTRY ANALYSES, WELLS H-SA, H-50. AN0 H-5C AT THE PROPOSED 
WASTE ISOLATION P I L O T  PLANT SITE, SOUTHEASTERN NEW MEXICO: U.S. 
GEOLOGICAL SURVEY UAIER-RESOURCES I N V E S T I W T l W S  8 2 - 1 9 ,  83p. 

GONZALEZ.O.0.. 1983. GRWNDUATER FLOW IN THE RUSTLER FORMATION, UASTE 
ISOLATION P I L O T  PLANT (WIPP), SWTHEAST NEU MEXICO (SENM): I N T E R I M  
REPORT, SAND82- 1 0 1  2. 

MERCER, J.Y.,DAVIS P.. DENNEHY, K . F . .  AND GOETZ, C.L. 1981. RESULTS OF 
HYDROLOGIC TESTS AND WATER-CHEUISTRY ANALYSES, WELLS H-LA, H-48. AND H-4C 
AT THE PROPOSED WASTE ISOLATION P I L O T  PLANT S I T E ,  SOUTHEASTERN NEW 
MEXICO. USGS WATER RESCURCES INVESTIGATIONS RPT 7 9 - P 8  (ALBURPUEROUE, NU), 
178 p p .  

WERCER, J.W., 1983, GEOHYDROLOGY O f  THE PROPOSED WASTE I S O L A T l O N  P I L O T  
PLANT S I T E ,  LOS MEDANOS AREA, SWTHEASTERN NEW UEXICO, USGS-WATER RESWRCES 
INVESTIGATION REPORT 8 3 - 4 0 1 6 .  

SAULNIER. G.J., 1987, ANALYSIS  OF PUMPING TESTS O f  THE CULEBRA DOLOMITE 
CONOUCTED A T  THE H - 1 1  HYOROPAD A T  THE WASTE ISOLATION P I L O T  PLANT 
(WIPP) S I T E ,  SAND87-7124. 

SEWARD,P.D., 1982. ABRIDGED BOREHOLE HISTORIES FOR THE WASTE I S O L A T I O N  
P I L O T  PLANT ( U I P P )  S T W I E S ,  SAND82-0080. 

I I wm Technologies I Table C . l  ( m n t . )  





BE'O 971'0 8E'O 971.0 

52'0 E90'0 01'0 OLO'O 

97'0 012'0 97'0 OLZ'O 

531 
531 
531 
531 
531 
531 
531 
531 

531 
531 
531 
531 
531 
531 

531 
531 

531 
531 

531 
531 
531 
531 

ON 
ON 

531 
531 
531 

ON 
531 
531 

ON 
531 

L250'9- 
CLlL.5- 
?LBO' 5- 
9258'5- 
5f90'9- 
fZL0.9- 
579E'P- 
5687'9- 

S29L. 5 - 9258'5- 
9258'5- 
2526'5- 
SZL0'9- 
L9U.S- 

2705'5- 
ELLL'S- 

L9U.S- 
5687'5- 

5121.9- 
8L89.7- 
5687'5- 
EILL'S- 

9192'9- 
SLZL.9- 
579f.9- 

5E90.L- 
SLZL'L- 

SlZL.9- 

LO-362'6 
90-376'L 
90-305'1 
90-305'1 
20-379'8 
70-3u.6 
LO-32E.7 
LO-372's 

90-3U'L 
90-307.1 
90-307.1 
90-361.1 
LO-3U.6 
90-379'1 

90-PEL'S 
90-376.1 

90-3s' 1 
90-372.5 

LO-39s.) -~ 
50-350-2 
90-372'5 
90-376' 1 

SO-3U'L 
90-30s' L 

LO-307'5 
LO-395.L 
LO-32f.7 

50-391'2 
80-379.8 
80-39E.L 
LO-3L6'7 
LO-39L.L 

98'0 
8.1 
2'1 
E' L 
8'0 
6'0 
7'0 
f.0 

9.1 
S.1 
('1 
1-1 
6'0 
L'L 

6'2 
8' L 

L'l 
O'E 

L'O 
0'61 
0.E 
8.1 

91 
2' L 

5'0 
L'O 
f'O 

02 
80'0 
LO'O 
97'0 
L'O 

78, SNldWnd 
(2EfH)80 - I 

IS0 
9N I dlind 
9fllS 

onvn3s 
231VZM3 
Z31VZW09 
Z31VZN03 
Z31VZM9 

231VZN09 
231VZN09 

is aa nm3u 

Z31VZNO9 
Z31VZN03 
Z3lVZNO9 

231VZN09 
Z31VZN09 

Z~IVZNO~ 





H-4C 

H-Sa 

H-5b 

H-Sc 

H-6a 

H-6b 

H - 6 c  

H - ? b l  

H-7t.2 
vm.n by 

Checked by 

R."lll.3". 

40 9 7 OOR 5 5 L 

BEAUHE I U '87b 
GONZALEZ *83 
GONZALEZ .83 
GONZALEZ '83 

Dote 

Dote 
o d e  Culebra Trmsmissivity Uncertzizt:rs 

GONZALEZ '83 

I wm Technologies 

GONZALEZ '83 
GONZALEZ '83 

OENN. L UERCER '82 
SEYARO '82 

Tab12 2.2 ( con t . )  

GWZALEZ 
GQNZALEZ 
GONZALEZ 
GONZALEZ 

BEAUHEIU 
GONZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 

BEAUHEIU 
BEAUHE I W 
GONZALEZ 
GONZALEZ 
GWZALEZ 
WNZALEZ 
GONZALEZ 
GONZALEZ 
OENNEHY 
DENNEHY 
SEWRO 

GONZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 
GWZALEZ 

UERCER 

INTERA 

'83 
' 83 
'83 
.83 

'87C 
'83 
'83 
I83 
'83 
83 
'83 

'87C 
'86 
'83 
'83 
'83 
183 
'83 
'83 
'82 
'82 
'82 

'83 
'83 
'83 
183 
' 83 

'83 

UE 

SLUG 
I - OB(H4B)O 
I - OB(H4B)R 
PUMPING 10 
PUMPING 1R 
PUMPING 20 
PUMPING 2R 

I - OB(H5C)O 
I - OB(H5C)R 
I - OB(H5B)O 
I * OB(H5B)R 

PUMPING R 
I ~ OB(H5C)O 
I - OB(H5C)R 

SWG 
OS1 

PUUPING 0 
PUMPING R 

I - OB(H5B)O 
I - 08(HSB)R 

I - OB(Y-13) 
I - OB(OOE2) 

PUnPlNC 
PUMPING R 

I - OB(HM)Ol 
I - m(H6CIR1 
I - OBiHM)02 
I - OB(H6C)R2 
PUUPING 0 '79 
PUUPING R '79 

O S 1  

PUMPING 1R 
I - OB(H6B)O 
I - OB(H6B)R 
PUUPlNC 20 
PUUPlNG 2R 

PWPlNG 

PUUPING '86 

0.65 
1.5 
0.7 
0.6 
1 .o 
0 .4  
1.7 

0.15 
0.19 
0.11 
0.20 

0.22 
0.12 
0.24 
0.20 
0.86 

0.01 
0.11 
0.16 
0.11 

71 
67 
77 
87  
66 
70 
69 

69  
61  
79 
88 
86 
63 
69 
67  
73 
83 
75 

71 
70 
77 
72 
72 

1000 

1134 

7.02E - 07 
1.62E-06 
7.561-07 
6.48E - 07 
1.08E-06 
4.32E-07 
1.848-06 

1.62E-07 
2.05E-07 
1.19E-07 
2.16E-07 

2.388-07 
1.30E-07 
2.591-07 
2.16E-07 
9.29E- 07 

4.32E-08 
1.19E -07 
1.73E-07 
1.19E-07 

7.67E-05 
7.248-05 
8.32E-05 
9.401-05 
7.13E-05 
7.561-05 
7.451-05 

7.15E-05 
6.59E - 05 
8.53E ~ 05 
9.50E - 05 
9.298-05 
6.80E - 05 
7.45E-05 
7.24E-05 
7.888-05 
8.961-05 
8.lOE-05 

7.671-05 
7.561-05 
8.32E-05 
7.7888-05 
7.781-05 

1.00E-03 

1.22E-03 

-6.1537 
-5.7905 
-6.1215 
-6.1884 
-5.9666 
-6.3645 
-5.7361 

-6.7905 
-6.6878 
-6.9252 
-6.6655 

-6.6242 
-6.8874 
-6.5864 
-6.6655 
-6.0321 

-7.3645 - b .9252 
-6.7625 
-6.9252 

-4.1405 
-4,0801 
-4.0271 
-4.1470 
-4.1215 
-4.1277 

-4.0689 
-4.0221 
-4.0321 
-4.1672 
-4.1277 
-1.1405 
-1.1033 

-4.091 5 

4.1153 
-4.1215 
-4.0801 
-1. lW2 
-4.1092 

-4.0475 

-3.0000 

-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 0.22 0.063 

0.082 0.29 0.082 

0.002 0.04 0.063 

0.25 

0.29 

0.25 

C-19 /C- 2 0 





/' 

I 1 

Chachad by 

RoWliO", 

yo9 700~5 54 

Dots 

Dot. 
Culebra Transmissivity Uncertainties Chachad by 

RoWliO", 

yo9 700~5 54 

Dots 

Dot. 
Culebra Transmissivity Uncertainties 

H-8b BEAUHEIM 
MERCER 

MERCER 
INTERA 

'87b PUMPING 
'83 PUMPING 

8.2 
16 

23 1 
111 

8.868-06 
1.73E-05 

2. 49E- 04 
1.20E-04 

-5.0528 
-4.7625 

-3.6030 
-3.9213 

YES 
YES 0.021 0.15 0.063 0.25 

H-9b a83 PunPinG 
UE PUMPING '83 

YES 
YES 0.025 

NA 

0.16 

UA 

0.063 

0.250 

0.25 

0.50 '83 SLUG 

187 PUNPIHG '84 
#87 I - 08(H1183)'84 
'87 I . OB(HllB3)'85 
'87 I - oa(HllB2) 
'87a I - OB(H382) 

'87 I - OB(HllB3)'84 
'87 I - OB(HllB3)'85 
'87 I - OB(H1101) 

'87 PUMPING '84 
'87 PUNPING '85 
'87 I - OB(H1181) 
'87 I - OBCH1182) 

7.561-08 H- lob  

H - l l b l  

UERCER 0.07 -7.1215 YES 

SAULNIER 
SAULNIER 
SAULNIER 
SAULNIER 
BEAUHEIM 

SAULNIER 
SAULN IER 
SAULN IER 

SAULN IER 
SAULWIER 
SAULNIER 
SAULNIER 

11.3 
25.5 
24.8 
25.4 
6.8 

1.22E-05 
2.751-05 
2.68E-05 
2.74E-05 
7.34E-06 

-4.9135 
-4.5600 
-4.5721 
-4.561 7 

YES 
YES 
YES 
YES 
NO 

H- l lb2  

H- l lb3  

23.8 
26.4 
23.4 

2.57E- 05 
2.8%-05 
2.531-05 

-4.5900 
-4.5450 - 4 .5974 

-4.5499 
-4.4794 
-4.5516 
-4.5882 

YES 
YES 
YES 

26.1 
30.7 
26.0 
23.9 

2.82E-05 
3.32E-05 
2.81E-05 
2.58E- 05 

YES 
YES 
YES 
YES 0.25 0.011 0.11 0.063 

I!-12 

H-14 

INTERA 
INTERA 

UE SLUG '87 
UE PUMPING '84 

'87b SLUG 
'87b OS1 

0.17 
0.042 

0.30 
0.31 

1.84E-07 
4.541-08 

3.24E - 07 
3.35E-07 

-6.7361 
-7.3433 

-6.4895 
-6.4752 

YES 
YES 0.092 0.30 0.092 0.30 

BEAUHEIM 
BEAUHE I M 

YES 
YES 0.000 0.01 0.250 0.50 

-6.9666 
- 6 . W 5  

H-15 BEAUHEIM 
BEAUHE I M 

'87b SLUG 
187b OS1 

0.10 
0.15 

1.08E- 07 
1.62E- 07 

YES 
YES 0.008 

MA 

NA 

0.09 

NA 

NA 

0.250 

0.250 

0.250 

0.50 

0.50 

0.50 

H-16 

H-17 

DOE-1 

BEAUHEIM UE SLUG 0.70 7.561-07 

2.16E-07 

-6.1215 

-6.6655 

YES 

BEAUHE I M UE SLUG 0.2 YES 

BEAUHE I M 
BEAUHEIM 
BEAUREIM 
BEAUHEIM 

'87a I - OB(H382) 
'87a I ~ OB(H3BJ) 
'87b PUMPING D 
'87b PUMPING R 

5.5 
12 
28 
11 

5.94E-06 
1.30E-05 
3.02E-05 
1.19E-05 

NO 
NO 
YES 
YES 

-4.5194 
-4.9252 

-4.0172 

0.041 

NA 

0.20 

NA 

0.063 

0.063 

0.25 

0.25 
ODE-2 BEAUHEIM 

BEAUHEIM 
'86 PUMPING 
'87c I - OBCY-13) 

89 
57 

9.61 E - 05 
6.16E-05 

YES 
NO 

I I mm Technologies I 





P-14 MERCER '83 PUMPING 140 1.5lE-06 -3.8204 YES 
HYDRO GEOCHEM UE SLUG 324 3.50E-04 -3.4560 YES 

EEAUHElU '87c I - OB(U-13) 265 2.86E-04 NO 0.033 0.18 0.063 0.25 

om." by Dot. 

Checked by O d e  

RWl3>0", oots 

1i097n09554 

I wm Technologies 

P-15 BEAUHEIM 87b SLUG 0.09 9.72E-08 -7.0123 YES 
MERCER '83 SLUG 0.07 7.56E-08 -7.1215 YES 
SEUARO '82 OS1 0.1 1.08E-07 -6.9666 YES 

CuleSra Transmissivity Unc?rza,it-s 

Taol? : . 2  , con i . )  

P-17 EEAUHEIM '87b SLUG 1.0 1.08E-06 -5.9666 YES 
MERCER '83 SLUG 1.0 1.08E-06 -5.9666 YES 

HYDRO GEOCHEM UE PUMPING 2.1 2.27E-06 -5.6444 YES 

0.004 0.06 0.250 0.50 

0.023 0.15 0.250 0.50 

P-18 MERCER '83 SLUG 0.001 1.08E-09 -8.9666 YES 
HYDRO GEOCHEM UE SLUG 0.003 3.24E-09 -8.4895 YES 0.057 0.24 0.250 0.50 

YIPP-12 BEAUHEIM UE ACID b DEVEL 0.03 3.24E-08 -7.4895 YES 
EEAUHEIM '87c I - OB(U-13) 7.9 8.531-06 NO NA NA 0.250 0.50 

YIPP-13 BEAUHEIII '87s PUMPING 6 9  7.45E-05 -4.1277 YES 
BEAUHEIU '86 I - OE(DOE2) 72 7.786-05 NO NA YA 0.063 0.25 

1 YIPP-18 EEAUHEIM '87b SLUG 0.30 3.248-07 -6.4895 YES 
BEAUHEIM '87c I - 08(U-13) 23 2.48E-05 YO NA YA 0.250 0.50 

UlPP-19 . BEAUHEIM '87b SLUG 0.60 6.481-07 -6.1884 YES 
BEAUHEIM '87c I - OE(U-13) 24 2.591-05 YO 

YIPP-21 EEAUHElM '87b SLUG 0.25 2.ME-07 -6.5686 YES 
BEAUHEIM '87s I - OB(U-13) 22 2.388-05 NO 

YA WA 0.250 0.50 

YA Y A  0.250 0.50 

1 UIPP-22 EEAUHEIM '87b SLUG 0.37 4.00E-07 -6.3984 YES 
EEAUHEIM '87c 1 - OE(U-13) 19 2.05E-OS YO NA YA 0.250 0.50 

UIPP-25 MERCER '85 PUMPING 270 2.928-06 -3.5352 YES 
EEAUHEIM '87c I - OE(U-13) 650 7.02E-04 NO NA YA 0.063 0.25 

c-2 3/c-24 
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YIPP-30 MERCER '83 SLUG 0.3 3.24E-07 -6.6895 YES 
GOWZALEZ '83 PUMPlWG 0.02 2.16E-08 -7.6655 YES 
EEAUHElM '87c I ~ OE(U-13) 28 3.02E-05 NO 

Ororn by 

Checked bj 

Ra",l,O", 

A09700R554 

EROA-9 BEAUHEIM '87b SLUG 0.47 5.081-07 -6.2945 YES 
BEAUHEIM '87C I - OBU-13) 22 2.381-05 WO 

SLUG 0.28 3.02E-07 -6.5194 YES CABIN EEAUHEIM '87b 
EAEY-1 

Dots 

Dots 

O d e  
Culebra Transmissivity Uncertaictiis 

0.346 0.59 0.346 0.59 

NA NA 0.250 0.50 

NA WA 0.250 0.50 

NA WA 0.063 0.25 ENGLE EEAUHEIM '87b PUMPING 43 &.&E-05 -4.3331 YES 

USGS-1 COOPER '62 PUMPING '60-0 543 5.86E-04 -3.2318 YES 
COOPER '62 PUMPIWG '60-R 531 5.73E-04 -3.2415 YES 

COOPER L GLANZ. '71 PUUPIWG '63 468 5.05E-04 -3.2963 YES 

REFERENCES: see Table C . l  
.===I====== 

0.001 0.03 0.063 0.25 

I I wm Technologies I I Tabla C.2 ( con t . )  I 
__ 
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APPENDIX D CULEBRA STORATIVITIES 

The Culebra s torat ivi ty  data base is l i s ted  i n  Table D . l .  The table 
format i s  very similar t o  that of Table C.  1 .  The values l i s t ed  fo r  each 
borehole and/or hydropad were evaluated to  determine the most 
representative value on a scale of tens of meters. The s tora t iv i ty  values 
determined frcm regional-scale interference t e s t s ,  slug t e s t s ,  o r  E T ' S  

were not selected as representative values. The regional-interference 
values can, however, be assigned to  pilot  points between the pumping and 
observation wells i n  future transient analyses. 

REFERENCES 

The references corresponding t o  the data sources are l i s t ed  a t  the end of 
Table D. 1 .  

HO970OR554 
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.- 

Dmm by 

Checked b, 

R-WStO", 

'10970013554 

H - 1  

H-2a 

H-2bl 

H-2bZ 

n-2c 

H-3bl 

H-3bZ 

H-3b3 

H-4a 

H-4b 

0d1. 

Data 

Dda 
Culebra Dolomite Storativity Data h s e  

EEAUHEIM 
MERCER 
SEUARD 

EEAUHEIM 
EEAUHEIM 

I mm Technologies 

MERCER 
GONZALEZ 

SEUARD 

BEAUHEIM 
BEAUHEIM 

Table 3.1 

BEAUHEIM 
BEAUHE IM 
MERCER 
SEUARO 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHE In 

GONULEZ 
GONULEZ 
GONZALEZ 
GONULEZ 
GONZALEZ 
GONULEZ 

GONULEZ 
GONZALEZ 

HERCER e t  a l  
CONZALEZ 
GONULEZ 
GONULEZ 
GONULEZ 

SEYARD 

'87b 
'83 
'82 
'87a 
'87C 

'83 
'83 
'82 

'87C 
'87a 

,87a 
' 87a 
'83 
'82 

I87a 
'87a 

87a 
'87a 

'83 
'83 
'83 
' 83 
'83 
183 

'83 
'83 
'81 
'83 
'83 
'83 
' 83 
'82 

SLUG 
SLUG 

SLUG 
PUMP1 !it 

DST 

I - B(Y-13 )  
I - OB(H302) 

I - OE(H382) 
I - OE(H303) 

SLUG 
DST 

I - OE(H383) 
PUMPIWG '85 

I - OE(H302) 
WMPING '84 

I - OB(H4E)O 
I - OB(H4E)R 

I - OB(H4C)Dl 
I ~ OE(H4t )R l  
I - OB(H4C)DZ 
I - OE(H4C)RZ 

PUMPING 0 
PUMPING REC 

SLUG 
I - OE(4C)Dl 
I - OB(4C)Rl 
I - DE(4C)DZ 
I - OB(4C)RZ 

DST 

NR 
1.OE-04 

NR 
2.7E-05 + 
1.3E-04 + 

1 .OE-09 
1.2E-05 
1.OE-09 

7.3E-05 + 
3.OE-05 + 

NR 
NR 
NR 
NR 

NR 
NR 

WR 
NR 

3.131-06 
NR 

8.048-06 
NR 

5.62E-06 
NR 

NR 
NR 
(E-09 
(E-06 

8.641-06 
NR 

6.48E-06 
1E-06 

-4.0000 no 

-4.5686 NO 
-3.8861 NO 

-9.0000 NO 
-4.9208 YES 
-9.0000 NO 

-4.1367 NO 
-4.5229 NO 

-5.5045 YES 

-5.0947 YES 

-5.2503 YES 

-9.0000 YO 
-6.0000 YES 
-5.0635 YES 

-5.1884 YES 
-6.0000 NO 

NA -4.9208 1.2OE-OS VALUE ASSIGNEO 
TO H-2 HYDROPAD 

D-3/D-4 





Omrn Q 

Checkad by 

RWi,iO", 

409700RS56 

O d e  

om!. 

Od.  
Culebra Dolomite Storativity Data 2ass 

(FOR SINGLE VALUE 

W-4C BEAUHEIH ' 8 %  
GONZALEZ '83 

SLUG 
I - OB(H4B)O 

PUMPING 10 
PUMPING 1R 
PUMPING 20 
PUMPING 2R 

I . OB(HLB)R 
NR 

5.67E-06 
NR 
NR 
NR 
NR 
NR 

-5.2464 YES 

-5.3354 -5.3354 4.6z~-a6 VALUE ASSIGHED 
IO H-4 HYOROPAD 

-4.6021 

-5.0297 

YES 

YES 

W-5a 

H-5b 

GONZALEZ '83 
GONZALEZ '83 
GONZALEZ '83 
GONZALEZ '83 

2.50E-05 
NR 

9.341-06 
NR 

NR 
2.601-05 

NR 
1E-05 
1E-05 

GONZALEZ '83 
GONZALEZ '83 
GONZALEZ '83 

SEUARO .82 
OENN. a MERCER '82 

-4.5850 

-5.ooao 
-5.0000 

YES 

NO 
NO 

H-5c 

H-6a 

GONZALEZ 
GONZALEZ 
GONULEZ 
GONULEZ 

'83 
'83 
'83 
I a3 

'87C 
'83 
' 83 
' 83 
'83 
83 

'83 

'87C 
'86 
'83 
'83 
' 83 
' 83 
' 83 
'83 
'82 
'82 
'82 

' 83 
'83 
'83 
'83 
,83 

PUMPING D 
PUMPING R 
I . OB(H5810 
1 - OB(H5B)R 

NR 
NR 

2.92E-05 
NR 

-4.5346 YES 
-4.6878 -4.M78 2.051-05 VALUE ASSIGWEO 

TO H-5 HYOROPAO 

BEAUHEIH 
GONZALEZ 
GONZALEZ 
GONULEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 

8.2E-06 + 
2.20E-OS 

NR 
2.54E-05 

NR 
2.328-05 

NR 

-5.0862 
-4.6576 

-4.5952 

-4.6345 

NO 
YES 

YES 

YES 

H-6b BEAUHElW 
BEAUHElW 
GONZALEZ 
GONZALEZ 
GONULEZ 
GONZALEZ 
GONULEZ 
GONZALEZ 
DENNEHY 
DENNEHY 
SEUARO 

GONZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 
GONZALEZ 

I - OBCY-13) 
I - OB(DOE2) 
PUMPING 0 
PUMPING R 

I - OB(H6C)Ol 
I - OB(H6C)Rl 
I - OB(H6C)DZ 
I - O B ( H ~ C ) R ~  
PUWPING D '79 
PUMPING R '79 

O S 1  

PUMPING 1R 
I . OB(H6B)O 
I - OB(H6B)R 
PUMPING 20 
PUllPlNG 2R 

7.91-06 + 
6E-06 
NR 
NR 

1.42E-05 
NR 

1 .45E-05 
NR 
NR 
NR 
NR 

-5.1024 
-5.2218 

-4.8477 

-4.8386 

NO 
NO 

YES 

YES 

H - 6 c  NR 
1.26E-05 

NR 
-1.8996 YES 

NR 
NR 

I Table D . l  (cant.) 
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H-7a 

H - 7 b l  

H-7b2 

H-7c 

H-8a 

H-8b 

H-BC 

H-9a 

H-9b 

H-vc 

H-loa 

H-lob 

H-lOc 

H - l l b l  

n - l l b 2  

H - l l b 3  

H-12 

H-14 

Chacksd b, 

MERCER 

INTERA 

BEAUHEIM 
MERCER 

MERCER 
INTERA 

MERCER 

SAULW I ER 
SAULNIER 
SAULWIER 
SAULWIER 
BEAUHEIM 

SAULWIER 
SAULWIER 
SAULW I ER 

SAULN I ER 
SAULWIER 
SAULlllER 
SAULl I ER 

IWTERA 
INTERA 

BEAUHEIM 
BEAUHEIM 

O d a  

'83 

W E  

'8% 
'83 

'83 
'U E 

'83 

'87 
'87 
'87 
'87 
'87a 

'87 
'87 
'87 

'87 
'87 
'87 
'87 

WE 
WE 

'87b 
'87b 

R.Yi.iO". 

PUMP I NG NR 

PUMPING '86 8.2E-04 

O d O  

PUUPING 
PUUPING 

NR 
N R  

PUMP I NC WR 
PUMPING '83 NR 

SLUG 1E-04 

PUMPING '84 NR 
I - OB(H1183)'84 6.36-04 
I - 0E(H11B3)f85 4.4E-03 

I - OB(H11B2) 6.1E-04 
I - Ml(H382) 7.41-06 + 

I - OB(HllB3)'@4 7.21-04 
I - OB(H1103)'85 2.51-03 

I - oB(niiB1) ~ . o E - o ~  

PUMPING '84 WR 
PUMPING '85 NR 

I - OB(HllB1) 5.51-04 
I - OB(HllB2) 4.5E-04 

SLUG '87 2.OE-06 
wnPinG 884 NU 

SLUG YR 
D S I  NR 

-3.0862 

-4.0000 

-3.2007 
-2.3565 
-3.2147 
-5.1308 

-3.1427 
-2.6021 
-3.0969 

-3.2596 
-3.3466 

-5.6990 

-3.0862 8.20E-04 VALUE ASSIGNEO YES N A  
TO H-7 HYOROPAO 

NO 

YES 
YES 
YES 

YO 

YES 
YES 
YES 

YES 
YES -3.0275 -3.0275 9.39E-04 VALUE ASSIGNED 

70 H-11 HYDROPAD 

I orom by I Od1. I 
I I 
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w-15 

H-16 

DOE- 1 

DOE-2 

P-1 

P-2 

P-3 

P-4 

P-5 

P-6  

P-7 

P-8 

P-9 

P-10 

P-11 

P-12 

P-13 

P-14 

P-15 

P-16 

P-17 

P-18 

BEAUHEIM '8% SLUG 
BEAUHEIU '8% DST 

BEAUHEIM UE SLUG 

BEAUHEIM '87a I - OB(H362) 
BEAUHEIM *87a I - OB(H3B3) 
BEAUHEIM '8% PUMPING D 
BEAUHEIM ' 8% PUMPING R 

BEAUHEIM '86 PUMPING 
EEAUHEIU '87c I - OB(U-13) 

BEAUHEIM '87c 
MERCER '83 

HYDRO GEOCHEN UE 

MERCER '83 
SEYARD '82 

BEAUHEIW 87b 

- OBW-13)  
PUMPING 

SLUG 

SLUG 
DST 
SLUG 

SLUG 
SLUG 

PUMPIUG 

NR 
NR 

NR 

1.OE-05 + -5.0000 NO 
1.2E-05 -4.9208 NO 

NR 
NR 

NR 
5.1E-06 + -5.2924 NO 

5.21-05 + -4.2840 NO 
NR 
NR 

( E - 0 4  -4.0000 YO 
1E-04 -4 .0000 110 
NR 

NU 
1E-06 -6.0000 NO 
NR 

MERCER '83 
HYDRO GEOCHEM UE 

SLUG 
SLUG 

NR 
NR 

Drown by I M a  I 
Checked b, 

Revisions 
Culebra Dolomite Storativity Data Base 

H09700R551 . . . . ._ - , I 
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AVERAGE OF 
YELL REFERENCES YEAR TYPE REPORTED LOG OF SELECTED SELECTED S 

OF OF N L E B R A  STORATIVITY S VALUE VALUES 
REFERENCE TEST s (YES OR NO) (FOR SINGLE 

CULEBRA CWWENTS 
STORATIVITY 

VALUE 

P - 1 9  

P - 2 0  

P - 2 1  

Y I P P - 1 2  

Y I P P - 1 3  

Y I P P - 1 8  

U l P P - 1 9  

Y I P P - 2 1  

Y I P P - 2 2  

Y I P P - 2 5  

Y I P P - 2 6  

Y I P P - 2 7  

Y I P P - 2 8  

Y I P P - 2 9  

Y I P P - s o  

ERDA-9 

C A B I N  
BABY - 1 

ENGLE 

USGS-1 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEl  M 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 
BEAUHEIM 

MERCER 
BEAUHEIM 

MERCER 

MERCER 

MERCER 

MERCER 

MERCER 
G O N U L E Z  
BEAUHE 111 

BEAUHEIM 
BEAUHEIM 

BEAUHEIM 

BEAUHEIM 

COWER 

UE 
'87C 

UE 
'86 

'87b 
'87b 

'8% 
' 8 7 b  

'87b 
'87C 

'8% 
'87C 

I 83 
'87C 

'83 

'83 

'83 

'83 

'83 
'83 
'87s 

'8% 
'87C 

'87b 

'87b 

'62 
COWER ' 62  

COOPER L GLANZ. '71 

EX.SHFT BEAUHEIM ' 8 7 c  

ACID a DEVEL 
I - OB(Y-13) 

PUHPIIIG 
I - OB(DOE2) 

SLUG 
I - OB(U-13) 

SLUG 
I - OB(Y-13)  

SLUG 
I - OB(Y.13) 

SLUG 
I - OB(Y.13) 

PUMPING 
I - oB(Y-13)  

PUMPING 

PUMPING 

PUMPING 

PUMPING 

SLUG 
PUMPING 

I - W Y - 1 3 )  

SLUG 
I - OB(Y-13) 

SLUG 

PUMPING 

P W P I I I G  'M)-D 
P W P I N G  'M)-R 

W M P l N G  '63 

I - OB(Y-13) 

NR 
3 . 6 E - 0 5  + 

3 E - 0 6  

NR 
4.OE-05 + 

NR 
4.OE-05 + 

NR 
5 . 3 E - 0 5  + 

NR 
4.7E-05 + 

NR 
6.4E-05 + 

NR 

I IR 

NR 

NR 

1 E - 0 4  
1 E - 0 4  

5 . 6 1 - 0 6  + 

NR 
5.4E-05 + 

NR 

NR 

NR 
NR 

2 . 0 1 - 0 5  

5 . 5 E - 0 5  

- 4 . 4 4 3 7  

- 5 . 5 2 2 9  

- 4 . 3 9 7 9  

-4.3979 

- 4 . 2 7 5 7  

- 4 . 3 2 7 9  

- 4 . 1 9 3 8  

-4.0000 
-4.0000 
- 5 . 2 5 1 6  

- 4 . 2 6 7 6  

- 4 . 6 W O  

- 4 . 2 5 9 6  

NO 

NO 

NO 

NO 

NO NO 

NO 

NO 
YES 

NO 

NO 

N A  -4.0000 1 . 0 0 E - 0 4  VALUE ASSIGNED 
TO U I P P - 3 0  BOREHOLE 

YES NA -4.6990 2.00E-05 VALUE ASSIGNED 
TO USGS-1 BOREHOLE 

O m "  bv I h i m  
NO I 

Culebra Dolomite Storativity Data 'lase 
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APPENDIX E TRANSIENT FRESHWATER HEADS 

Water-level monitoring and w e l l  t e s t i n g  using p res su re  t ransducers  have 
been performed i n  boreholes i n  t h e  Culebra i n  and around the WIPP s i t e .  
This  modeling s tudy  incorpora tes  data fran 56 monitoring wells f o r  con t ro l  
and model c a l i b r a t i o n .  Where s u f f i c i e n t  data were a v a i l a b l e  f ran these 
wells, hydrographs have been cons t ruc ted  which p l o t  freshwater head i n  
meters above mean sea l e v e l  (m amsl) versus  time i n  years .  The term 
"freshwater head'? is u t i l i z e d  i n  t h i s  r epor t  and is equiva len t  t o  the tern 
"freshwater e l eva t ion  above mean sea l e v e l "  because t h e  head va lues  are 
always related t o  mean sea l e v e l .  It refers t o  t h e  e l e v a t i o n  of a column 
of f resh water wi th  a f l u i d  dens i ty  of 1 g/m3 t ha t  would e x e r t  a p res su re  
a t  the e l eva t ion  of the  Culebra equal  t o  the  formation pressure .  

The hydrographs show t h e  t r a n s i e n t  freshwater heads r e s u l t i n g  frcm t h e  

shaft  and well-test a c t i v i t i e s  performed a t  t h e  s i t e  (Appendix G). For 
most of these hydrographs, an undis turbed freshwater head has Seen 
selected which is intended t o  r ep resen t  condi t ions  a t  the s i t e  before  
shaft  excavat ions and hydraul ic -charac te r iza t ion  s t u d i e s .  This appendix 
describes the c a l c u l a t i o n s  and data used t o  create these hydrographs, and 
provides an es t imat ion  of the  undis turbed hydrau l i c  condi t ions  f o r  use  i n  
the  c a l i b r a t i o n  of t h e  steady-state model. 

Water-level and pressure  data f o r  t h e  Culebra have been collected a t  t h e  

WIPP s i t e  as dep ths  t o  water below top  of cas ing  o r  t o p  of tub ing  measured 
by steel tape o r  e l e c t r o n i c  sounding device ,  and p res su re  measured by 

downhole t ransducers .  These data are repor ted  i n  Richey ( 1  987) , Hydro Geo 
Chem, Inc.  (1985),  INTERA Technologies, Inc. and Hydro Geo Chem, Inc. 
(19851, INTERA Technologies, Inc.  (1986) ,  Sau ln ie r  e t  al. (19871, and 
Stensrud e t  al .  (1987). 
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Depth-to-water data were converted t o  equivalent  freshwater head as 
follows: 

C 
hf = (dc- dw) P + Z  

P f  

where hf = equiva len t  freshwater head; 
4.r = measured depth t o  water; 

2, = e l e v a t i o n  of the cen te r  of the Culebra dolomite above 

P = average dens i ty  of the borehole f l u i d ;  

= depth t o  the  c e n t e r  of the  Culebra dolanite; dC 

mean sea l e v e l ;  

f reshwater-f luid dens i ty  (assumed equal  t o  1 .O g/cm3). = 
pf 

Transducer p re s su re  data were converted t o  equiva len t  Freshwater head as 

f 011 ows : 

where p = measured t ransducer  pressure ;  
dt = depth t o  t ransducer ;  
Q = g r a v i t a t i o n a l  cons tan t .  

A l l  depths  are measured relative t o  a measuring poin t  of known e l eva t ion  
a t  each well. For the  WIPP-s i te  monitoring wells, depths  are reported 
either from the top  of casing, t h e  t o p  of tub ing ,  cdr from the  ground 
surface. Table E.l summarizes the  type  of measuring poin t  a t  each well, 
the e l e v a t i o n  of the measuring p o i n t ,  and the  time period t h e  measuring 
poin t  was used. For some wells l is ted i n  Table  E . l ,  more than one 
measuring poin t  were used a t  a w e l l  at a given time. This results from 

the use of d i f f e r e n t  measuring po in t s  when the  U.S. Geological Survey 
monitoring of some wells through e a r l y  1985 overlapped with monitoring by 

Sandia subcontractors .  
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bus The c a l c u l a t i o n  of equivalent  freshwater head r equ i r e s  knowledge of the 

average borehole-f luid dens i ty .  For each well an estimate of borehole- 
f l u i d  dens i ty  as a func t ion  of time was determined based upon a summary of 
the a c t i v i t i e s  a t  that well (Appendix G) , water-qual i ty  data a v a i l a b l e ,  
and borehole  pressure-densi ty  survey data. The best data fo r  determining 
the  average borehole-f luid d e n s i t i e s  were obta ined  frcm t h e  borehole 
pressure-densi ty  surveys reported i n  I T  ( 1  9871, Crawley ( 1  9871, and 
Crawley ( i n  prepara t ion) .  I n  these surveys,  p re s su res  were measured with 

downhole t ransducers  at center-of-Culebra depth f o r  a measured depth t o  
water below t o p  of casing, thus  al lowing a direct c a l c u l a t i o n  of average 
borehole-f luid dens i ty .  However, t h i s  type of data was not  a v a i l a b l e  f o r  
any of t h e  wells before  la te  1986. 

Table  E. 2 summarizes t h e  chronology of borehole-f luid d e n s i t i e s  for  each 
well used i n  the model. For each well, t h e  table g ives  ( 1 )  average 
borehole-f luid dens i ty  (g/cm3), (2 )  a q u a n t i t a t i v e  estimate of unce r t a in ty  
(g/cm3), and (3 )  the time period appropr ia te .  The estimate of t h e  

unce r t a in ty  of borehole-f luid dens i ty  is based upon an extens ive  review of 

a l l  dens i ty  measurements and well a c t i v i t i e s  a t  each monitoring well. 

With t h e  values of Culebra e l e v a t i o n ,  measuring-point e l e v a t i o n ,  and t h e  

average borehole-f luid d e n s i t i e s ,  hydrographs of equ iva len t  freshwater 
head ( m  amsl) versus  time (years) were created for  each well. These 
hydrographs are p l o t t e d  i n  F igures  E . l  through E.35. I n  add i t ion ,  F igure  
E.36 is a hydrograph p l o t t i n g  the equiva len t  freshwater head, based upon 
p res su re  measurements, versus  time f o r  t h e  t r ansduce r s  installed i n  t h e  

Culebra i n  t h e  w a l l s  of the  three shafts a t  t h e  WIPP s i te .  

From these hydrographs, t he  undis turbed freshwater heads were estimated. 
Events which can complicate t h e  determinat ion of undisturbed condi t ions  
are well-test a c t i v i t i e s  and shaft a c t i v i t i e s .  Haug e t  al. (1987) found 
t h a t  s i n c e  t h e  summer of 1981, t h e  hydrau l i c  state of the  Culebra has Seen 
s i g n i f i c a n t l y  inf luenced by the d r i l l i n g  and excavat ing of t h e  three 
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shafts a t  the  WIPP s i t e .  Also, numerous well tests have been performed 
s ince  t h a t  date of l a r g e  enough dura t ion  t o  create s u b r e g i o n a l  
t r a n s i e n t s .  For these reasons ,  when poss ib l e ,  the undisturbed freshwater 
heads were estimated from data co l l ec t ed  before  December 1981. For some 
wells, only recent  ( i . e . ,  1987) water- level  data were a v a i l a b l e  f o r  
determining estimates of the undisturbed freshwater heads. Table E. 3 
summarizes undisturbed freshwater heads fo r  each w e i l  along with t h e  

approximate date of t h e  measurement on which i t  is bz.sed. I n  Table E. 3, 
t he  uncer ta in ty  i n  the borehole-f luid dens i ty  presented i n  Table  E . 2 ,  

expressed as g/cm3, is converted t o  a head uncer ta in ty  based on an average 
depth of f l u i d  i n  t h e  borehole above the  cen te r  of the Culebra.  In  
add i t ion  to  borehole-f luid-densi ty  uncer ta in ty ,  o tne r  t r ends  i n  the 

hydrograph data o r  s p e c i f i c  well a c t i v i t i e s  may add unce r t a in ty  t o  these 
estimates. The f i n a l  column of Table  E.3 combines tliis unce r t a in ty  with 

the  borehole-f luid-densi  t y  unce r t a in ty  t o  a r r i v e  a t  ;I t o t a l  unce r t a in ty ,  
expressed as meters of head, for  the  undisturbed freshwater-head 
estimates. This t o t a l  unce r t a in ty  is considered t o  represent  one s tandard  
devia t ion  from the mean. When more than one value of undisturbed 
freshwater head can be estimated from several wells a t  a hydropad, t h e  

value used is from the well with the  least unce r t a in ty  i n  t h e  average 
borehole-f luid-densi ty  estimate. 
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H -  1 3397.9 

H-2A 3377.8 

H-261 3377.6 

H-2BZ 3377.6 
H-2C 3377.7 

H-3B1 3389.4 

H-362 3388.3 
H-3B3 3387.1 

H-4A 3332.8 
H-4B 3332.7 

H-4C 3332.5 

H-SA 3505.6 
H-5B 3505.4 

H - 5 C  3505.8 

H-6A 3347.3 
H-6B 3347.6 

H-6C 3347.9 

H-761 3163.6 

H-762 3164.0 
H-7C 3163.4 

H-86 3433.8 

H-9A 3405.4 
H-96 3405.6 

H-9C 3405.9 

H-1OB 3687.0 

H-11B1 3412.1 
H-11B2 3412.1 
H-1163 3412.1 

H-12 3426.0 

H-14 3345.6 

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 

341 1.4 
341 1.6 
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 
4/30/84 - PRESENT 
2/21 /7-6/24/83 
6/24/83-7/10/84 

7/10/84-7/8/86 
7/8/86-PRESENT 

12/5/83-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 / 7 8 -  10/18/84 
10/18/84-PRESENT 
4/9/84-PRESENT 

4/9/84-PRESENT 

4/9/84-PRESENT 
4/9/8G-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 /7/85 - PRESENT 

S'/Z 1 /83 - PRES E NT 
8/29/79- 1/7/85 

5'/21/83-PRESENT 
6/21 / B - P R E S E N T  

11/1/79-8/20/82 
5/6/86-PRESENT 

9/7/83-PRESENT 
12/5/83-PRESENT 
!i/16/84-PRESENT 

11/4/83-PRESENT 

!,/I 1/87-PRESENT 

7'/25/78- 10/1a/84 

Measuring- Point Eleva t ions  f o r  t h e  
WIPP-Area Boreholes 
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........................................................................................ ........................................................................................ 
REFERENCE REFERENCE MEASURING MEASURING- MEASURING- PERIOD MEASURlNG 

UELL ELEVATION ELEVATION P O I N T  * P O I N T  ELEV. POINT ELEV. POINT APPLICABLE 
( f t  amsl) (m amst) (TOC/TOT/GS) ( f t  amsl) (m amsl) ........................................................................................ ........................................................................................ 

11-15 3480.2 1060.8 TOC 3481.6 1061.2 12/23/86-PRESENT 

DOE-1 3465.1 1056.2 TOC 3465.2 1056.2 12/1/83-PRESENT 

DOE-2 3418.4 1041.9 TOC 3419.2 1042.2 4/2/86-PRESENT 

~ TOC 3361.1 1024.5 8/24/83-PRESENT 
P-14 3359.8 1024.1 BCS 3359. a 1024.1 3/27/n-a/24/a3 

P-15 3309.8 1008.8 BCS 3309.8 1008.8 5/25/n-a/25/83 

P-17 3335.8 1016.7 GS 3335 .a 1016.7 5/25/~1-5/25/82 

p-18 3477.3 1059.9 GS 3477.3 1059.9 5 / 2 5 / n - ~ w a 3  

TOC 3311.4 1009.3 8/25/83-PRESENT 

TOC 3337.2 1017.2 5/25/82-PRESENT 

TOC 3478.4 1060.2 3/15/83-PRESENT 

UIPP-12 3471.3 1058.1 TOC 3472.1 1058.3 10/14/85-PRESENT 

UIPP-13 3405.4 1038.0 TOC 3405. a 1038.1 10/27/85-PRESENT 

uIPp-18 3456.4 1053.5 TOC 3458.8 1054.2 8/5/85-PRESENT 

UIPP-19 3433.1 1046.4 TOC 3435.2 1047.0 8/5/85-PRESENT 

UIPP-21 3417.1 1041.5 TOC 3418.9 1042.1 8/5/85-PRESENT 

UIPP-22 3425.8 1044.2 TOC 3428.2 1044.9 8/5/85-PRESENT 

UIPP-25 3212.5 979.2 GS 3212.5 979.2 8124183- 1/7/85 

UIPP-26 3151.7 960.6 GS 3151.7 960.6 a /wa3-1 /7 /85  

UIPP-27 3177.2 968.4 GS 3177.2 968.4 8/24/83-1/7/85 

I J I P P - ~ ~  3346.6 1020.0 GS 3346.6 1020.0 9/29/a3-1/7/a5 

UIPP-29 2977.0 907.4 GS 2977.0 907.4 io /a /80-1n/a5 

UIPP-30 3427.5 1044.7 GS 3627.5 1044.7 a/23/83-1/7/85 

TOC 3214.4 979.7 11/27/84*PRESENT 

TOC 3153.2 961.1 10/27/84-PRESENT 

TOT 3179.4 969.1 10/30/84-PRESENT 

TOT 3349.6 1021.0 1/7/85-PRESENT 

TOC 2978.3 907.8 1/7/85 -PRESENT 

TOC 3429.5 1045.3 10/30/84-PRESENT 

ERDA-9 3408.8 1039.0 TOC 3410.1 1039.4 1/5/87-PRESENT 

CB-1 3327.3 1014.2 TOC 3328.4 1014.5 11/20/86-PRESENT 

USCS- 1 3425 .O 1043.9 GS 3425.0 1043.9 9/22/60-PRESENT 

** 
(TOC) refers  t o  top o f  casing, (TOT) refers  t o  top o f  tubing, 
and (CS) refers t o  ground surface. 
Present re fers  to  date o f  la test  update of data used i n  t h i s  
table ( l a t e  1987). 

Drawn by Date 

Checked by Date Measuring-Point Elevations for t h e  
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H-1 

H-2a 

H-2bl 

H - 2b2 
H-2c 

H-3bl 
H-3b2 
H-3b3 

H-4a 
H-4b 
H - 4 ~  

H-5a 
H-5b 
H-5c 

H-6a 
H-6b 
H-6c 

H-7bl 
H-7b2 
H-7c 

H-8b 

H-Pa 
H-9b 
H-9c 

H-lob 

H - l l b l  
H - l l b2  
H- l lb3 

H-12 

H-14 

H -  15 

DOE- 1 

DOE-2 

P -  14 

1.020 

1.070 
1 .OS0 
1.010 
1.050 
1.050 
1.050 

1.036 
1.036 
1 -036 

1.019 
1.019 
1.019 

1-10 
1.10 
1.10 

1.039 
1.039 
1.039 

1.009 
1.009 
1.009 

1.000 

1 .ooo 
1 .ooo 
1.000 

1.046 

1 .oa3 
1 .oa5 
1.080 

1.095 
1.095 

1.009 

1 .ooo 
1.143 

1.090 

1.060 
1.030 

1.013 
1.007 

+/-  0.01 

+/-  0.06 

+/- 0.01 
+/ -  0.04 
+/- 0.04 - 0.04 

+/-  0.01 
+/- 0.01 
+/- 0.01 

+/- 0.02 
+/- 0.01 
+/-  0.02 

+/ -  0.02 
+/- 0.01 
+/ -  0.02 

+/-  0.02 
+/ -  0.01 
+/ -  0.02 

+/-  0.01 
+/- 0.01 
+/ -  0.01 

+ 0.01 

+ 0.01 
+ 0.01 
+ 0.01 

+/ -  0.01 

+/ -  0.01 
+/- 0.01 
+/- 0.01 

+/- 0.03 
+/ -  0.01 

+/- 0.01 

+/- 0.01 
+/-  0.02 

+/ -  0.02 

+ / -  0.03 
+/ -  0.01 

+/- 0.01 
+/-  0.01 

3/17/77-PRESENT (2) 

07/15/83 - 07/09/a4 
07/09/84 - PRESENT 

02/13/77 - 01/09/84 
01/09/84 - PRESENT 

12/5/83-PRESENT 
l / l / T I - P R E S E N T  

5/25/?7-PRESENT 
3/12/84-PRESENT 
2/27/84-PRESENT 

10/23/82-PRESENT 
6/ 2 / 78 - PRES EN T 

10/23/82-PRESENT 

7/19/84-PRESENT 
7/ 7/ 78 - PRESENT 
4/9/84-PRESENT 

41 9/84 -PRESENT 
7/Z 5 / 78 - P RESE N 1 

4/9/84-PRESENT 

9/19/79-PRESENT 
14'2/84- PRESENT 

10,'28/83-PRESENT 

8/13/79-PRESENT 

9/21/83-PRESENT 
8/;!9/79-PRESENT 
6/;? 1 /83 - PRESENT 

11,/1/79-PRESENT 

9/7/83-PRESENT 
12/5/83-PRESENT 
3/16/84-PRESENT 

12/30/83 - 07/09/84 
07/09/84 - PRESENT 

3/11/87-PRESENT 

i i / i0/86-4/14/a7 
4/14/87-PRESENT 

12/1/83-PRESENT 

10/12/84-6/3o/a6 
6/30/86 - PRESENT 

03/07/77 - 12/17/86 
12/17/86 - PRESENT 

Borehole-Fluid Density arid Estimated Density 
Uncertainty f o r  WIPP-Area Boreholes 
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P-15 

P-17 

P-18 

WIPP-12 

WIPP- 13 

UIPP-18 

UIPP-19 

UIPP-21 

UIPP-22 

V I  PP-25 

WIPP-26 

V I  PP- 27 

UIPP-28 

WIPP-29 

UIPP-30 

ERDA-9 

CB- 1 

ENGLE 

USGS- 1 

1.015 
1.006 
1.006 

1.063 

1.115 

1.2 
0.995 

1.2 
1.024 
1.027 

1.08 
1.1 

1.098 

1.18 
1.096 
1.124 

1 .QOO 
1.012 
1.020 

1.15 
1.115 

1.07 

1.008 

1.000 

1.027 

1.032 

1.170 

1.060 

1.080 

1.029 

1.001 

1 .ooo 

+ 0.05 

+/- 0.01 

+ 0.04 

- 0.05 
+/- 0.01 

- 0.05 
+/- 0.01 
+/-  0.01 

+ 0.12 
+/- 0.01 
+/- 0.01 

+ 0.02/-0.05 
+/-  0.01 
+/ -  0.01 

+ / -  0.01 
+/- 0.01 
+/ -  0.01 

+/-  0.05 
+/- 0.01 

+ 0.04 

+/- 0.01 

+ 0.01 

+/- 0.01 

+/-  0.02 

+/-  0.04 

+/- 0.01 

+/- 0.01 

+/- 0.01 

+ 0.01 

unknoun 

05/10/77 - 06/06/85 
06/06/85 - 03/27/87 
03/27/87 - PRESENT 

5/25/7i'-PRESENT 

5/25/77-PRESENT 

10/14/85 - 05/21/86 
05/21/86 - PRESENT 

10/26/85 - 04/04/86 
04/04/86 - 01/12/87 
01/12/87 - PRESENT 

10/11/85 - 05/20/86 
05/20/86 - 08/25/86 
08/25/86 - PRESENT 

10/09/85 - 05/31/86 
05/31/86 08/22/86 
08/22/86 - PRESENT 

10/06/85 - 06/28/86 
06/28/86 - 08/25/86 

08/25/86 - PRESENT 

10/08/85 - 06/19/86 
06/19/86 - 08/26/86 

08/26/86 - PRESENT 

8/24/83-PRESENT 

8/24/83-PRESENT 

8/24/83-PRESENT 

9/29/83-PRESENT 

10/8/80-PRESENT 

8/23/83-PRESENr 

1/5/87-PRESENT 

10/20/86-PRESENT 

3/4/85-PRESENT 

9/22/60-PRESENT 

(1) Borehole-fluid uncertainty is a judgement based upon a detailed 
study o f  the activities at each borehole and the uater-quality 
and pressure-density-survey data available. 

( 2 )  Present refers to the final date o f  latest update o f  data used 
in this table (July 1987). 

Irawn by 

Borehole-Fluid Density and Estimated Density 
Uncertainty f o r  WIPP-Area Boreholes levisions 
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H- 1 

H-2bl (3) 

H-3bl 

H-4b 

H-5b 

H-6b 

H-7b 

H-8b 

H-9b 

H-lob 

H-11b3 

H-12 

H -  14 

H-15 

H-17 (4) 

DOE- 1 

DOE - 2 

P-14 

P-15 

P-17 

WIPP-12 

V I  PP- 13 

W 1  PP- 18 

WIPP-25 

WIPP-26 

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 .O 

917.5 

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 EXTRAP 

01/87 

0 1 /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 

1 3  

+/- 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 

:hocked by Oat0 

?evisions Date 
Undisturbed Fresnwater 8eads and Uncertainties 
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UIPP-27 937.5 08/83 + 1  

UIPP-28 938.1 08/83 +/- 1 

UIPP-29 ( 5 )  905.4 0 1 /82 +/- 0.5 

UIPP-30 934.7 09/87 +/-  1 

CB-1 911.2 02/87 +/- 1 

USGS- 1 909.0 08/60 unknoun 

+/- 1.5 

+/-  1.5 

+/- 1 

+ / -  2 

+/-  2 

+/- 1.5 

Uncer ta in t y  i s  based upon the u n c e r t a i n t y  in  the  est imate o f  t h e  b o r e h o l e - f l u i d  
d e n s i t y  o n l y  a t  the t ime o f  the s t a t i c  head estimate. 

To ta l  head unce r ta in t y  takes i n t o  account u n c e r t a i n t y  in t roduced by  unce r ta in t y  
in  b o r e h o l e - f l u i d  dens i t y  and u n c e r t a i n t y  in t roduced by trends i n  the  hydrographs. 

Uhen more than one undisturbed head can be estimated f o r  a hydropad, the value 
used i s  from the  u e l l  uhich has the  louest  magnitude o f  unce r ta in t y  i n  the bore- 
ho le - f  lu id  densi ty .  

H-17 undis turbed head i s  based upon est imate from d r i l l - s t e m  
t e s t s  conducted by R. Beauheim (pers. corn. 10/9/87). No t r a n s i e n t  
data from H-17 are inc luded i n  t h i s  modeling e f f o r t .  

Uncer ta in t y  a t  UIPP-29 could be much l a r g e r  due t o  man-made t rans ien ts  i n  Wash Drau. 

rawn by Dote I 
hecksd by Dote 

Undisturbed Freshwater Heads and Uncertainties 
evisions I Date 

I 
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APPENDIX F FORMATION-FLUID DENSITIES 

To i n t e r p r e t  ground-water hydrau l i c  and geochemical data, fomat ion-water  
dens i ty  data are required.  The d e n s i t i e s  of water samples frcm boreholes 
open to a given formation w i l l  be t he  same as  the d e n s i t i e s  of the 

formation water only if the  samples are no t  contaminated. Contamination 
can r e s u l t  from the  mixing of formation water with d r i l l i n g  f l u i d s ,  wi th  

f l u i d s  used i n  borehole cons t ruc t ion ,  and with water fran other 
formations.  Knowledge of the  ex ten t  of such contamination, if any, is 

required t o  eva lua te  t he  composition and d e n s i t y  of formation f l u i d s  f o r  
geochemical purposes and f o r  fbow-path v a l i d a t i o n  t o  support  ground-water 
model i ng . 

Density and chemical a n a l y t i c a l  data on Culebra samples have been 
evaluated f o r  t h e i r  i n t e r n a l  cons is tency  and f o r  i n d i c a t i o n s  of how well 
they may represent  t h e  dens i ty  and chemistry of Culebra formation 
waters. The eva lua t ion  procedures are descr ibed i n  Haug e t  al. (1987).  

Table  F. 1 lists the dens i ty  data base. There are sane a d d i t i o n a l  e n t r i e s  
i n  t h i s  data base tha t  were not  p re sen t  i n  Haug et al. (1987). The table  

lists the re ference  and source  of the  sample data, t h e  date t h e  s a i p l e  was 
taken,  and the values  of s p e c i f i c  g r a v i t y  or d e n s i t y  of the sample. Using 
t h e  methodology desc r ibed  i n  Haug e t  al .  (19871, t h e  c a l c u l a t e d  d e n s i t i e s  

and t h e  dens i ty  values  suggested f o r  modeling purposes are presented.  Tne 
la t te r  column has been used i n  t h i s  modeling s tudy.  

REFERENCES 

Haug, A . ,  V. A. Kel ley,  A.M. LaVenue, and J. F. Pickens,  1987. Modeling of 
Ground-Water Flow i n  t h e  Culebra Dolomite a t  t h e  Waste I s o l a t i o n  P i lo t  

P lan t  (WIPP) Site: In te r im Report. Sandia National Labora tor ies ,  
Contractor  Report SAND86-7167. 

Other References: The re ferences  f o r  t h e  data sources  are l i s t e d  a t  t h e  
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Measured Speci f ic  Gravity and Density (gfcm3) 

Orr3.n by Oat. 

checked by Oat. Culebra Dolomite Formation-Fluid 3ensity 
Data S s e  R."l.lO", Dote 

'1q9700R554 . 

Yel 1 
No. Number 

Date Temp. 
Sampled (OC) 

1 H-1 

2 H-2a 

3 H-Zbl 

4 H-2b2 

5 H-3bl 

6 H-3b2 

7 H-3b3 
8 
9 

10 H-4b 
11 
12 

13 H-4C 
14 

15 H-5b 
16 
17 

18 H-5C 

19 H-6b 
20 
21 

22 H-7% 
23 
24 

25 H-8b 
26 
27 

28 H-9b 

29 H-lob 

30 H- l l b3  
31 
32 

33 H-12 

34 H-14 

02- Jun-76 

21-Apr-86 

22-Feb-77 

16-Nov-83 

17-Mar-77 

16-Oec-85 

11-Jm-84 
04-Feb-85 
05-May-86 

29-nay-81 
25-Jul-85 
09-WOV-86 

10-lug-84 

01. Jm-81 
27-Aq-85 
21-May-86 

15-oct-81 

02-May-81 

28-Jul-86 

20-Mar-80 
26-Mar-86 
21-Feb-86 

11 ~ Feb-80 
09-oec-85 
22-Jan-86 

14-Wov-85 

21-Mar-80 

13-Oct-84 
23-May-85 
04-Jm-86 

09-*w-85 

11-Des-86 

15-SFp-85 

23.0 

23.0 

22.5 

20.0 

21.5 

23.0 

(22.5) 
25.0 
22.1 

23.0 
21.5 
21.1 

(22.5) 
(22.5) 

24.0 
22.5 
23.7 

.25.0 

23.0 
23.5 
25.6 

(22.5) 
21.5 
22.0 

(22.5) 
23.0 
22.0 

22.0 

(22.5) 

(22.5) 
22.5 
24.0 

24.0 

22.0 

source of 
Mercer.1983 (1) Robinson.1987 (2) YOSP-Round 1 (3) YQSP-Round 2 (4) HydroGeoChem(5) l n te ra  F i e l d  Data Calculated Data used Density 

sp.grv. dens i t y  sp.grv. dens i t y  sp .grv .  dens i t y  sp.grv. densi ty  sp.grv. densi ty  sp.grv, densi ty  Density in Ca lcu lanon  Yo Use 

_____. g/cm3 

1.016 1.0136 

1.012 1.0099 

1.024 1.0219 

1.009 1 .0066 

1.006 1.0042 

1.038 1.0357 

1.037 1.0344 (6) 

1.001 0.9987 

1.000 0.9977 

1.012 1.0097 

1.10 1.097 
1.105 1.1015 

1.105 1.1021 

1.10 1.097 

1.040 1.0375 
1.042 1.0394 

1.040 1.0368 

1.001 0.W89 

1.002 0.9998 

1.003 1.0007 

1.045 1.0426 

1.091 1.0885 
1.081 1.0781 

1.096 1.0930 

1.000 0.9977 (6) 

1.002 0.9995 (6) 

1.087 1.0845 (9) 

1.010 1.0077 (8) 

1.0218 

1.0085 

1.0058 

1.0396 

1.0381 
1.0386 

1.0151 
1.0140 

1.0145 

1.1077 
1.1040 

1.1077 

1.0410 
1.0394 

1.0015 
1.0005 

1.0007 

1.0001 

1.0006 

1 .Oh65 

1 .0819 

1.0960 

USGS 

Y-Rl-B 

USGS 

USGS 

HGC-B 
U - R l - B  

SNL-B 
Y - R 1 - 8  

HGC-E 

SNL-B 
U - R l - B  

5n1-8 

SNL-B 
Y - R l - B  

USGS 
Y - R l - E  

USGS 

U-R1-B 

Y-Rl-B 

USGS 

Y-R1-B 

Y-Rl-E 

1.022 

1.009 

1.009 

1.036 

1.036 
1.036 

1.016 
1.016 

1.013 

1.102 
1.102 

1.102 

1.039 
1.039 

1.001 
1.001 

1 .ooo 
1.000 

1.001 

1.047 

1.078 

1.093 

1.008 (11) 
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S a l t  concentrat ions are  not a v a i l a b l e  f o r  a  calculatea density therefore a density recormendation i s  not provided 

Contractor Report SAUD87-7125; Stensrud. U.A., 11.1. Bamc, K.O. Lantr. A.M. Lavenue. J.0. P a l m ?  and 
C.J. Saulnier, Jr. 1987 S a l t  concentrat ions are not avai lable for a ca lcu la ted  density, therefbre a density 
recomendaticn i s  not provided 

( 9 )  Unpub l l rhm aata  trm Hydro Geo Chem f i e l d  notes during grab sanpling a t  Hydropad H-11 
(10) Recmended dens i ty  m y  r e f l e c t  ground-water Contamination from nearby potash t a i l i n g s  dumps 
( 1 1 )  Value has not undergone P i t z e r  a n a l y t i c a l  v e r i f i c a t i o n  but i s  believed t o  be representative of the formation f l u i d  

(8) Hydrologic Data Report #5 

(12) Personal Comunicat ion u i t h  U.S. Randall on 10-26-87 

35 n-is 
36 

37 H-17 

Omrn by Oat. 

Chocked by nata Culebra Dolomite Formation-Fluid 3ensity 
RWi.iO"l oats Data Base 
Yfl970flR556 

I mm Technologies Table F. 1 (cont. ) 

38 DOE-1 
39 

40 DOE-2 
41 
42 

43 P-14 

44 P-15 

45 P-17 
46 

47 YIPP-13 

48 YIPP-25 
49 

50 YIPP-26 
51 

52 YIPP-27 
53 

54 YIPP-28 

55 YIPP-29 
56 
57 

58 YIPP-30 

59 Engle 

60 C.0.-1 

11-May-87 
11-May-87 

26 - Wov- 87 

12-Apr-85 
03-Jul-86 

12-Mar-85 
04-Jul-86 
27-Aug-86 

26-Feb-86 

10-May-77 

17-Mar-86 
18-Dec-86 

18-Feb-87 

20-Aug-80 
12-Feb-86 

26-lug-80 

22-Auo-80 
05-Sep-BO 

11 -Sep-80 

20-Aug-80 
28-Aug-80 
14-Dec-85 

06-Sep-80 

W-Uar-05 

03-Oct-86 

25-Nov-85 

rem. Mercer.1983 (1) Robinson.1987 (2) YOSP-Round 1 (3) 
(*C) sp.grv. 

24.0 
22.0 

26.5 

density 
9 l C m 3  .. 

22.5 
23.0 

21.5 
25.0 
22.7 

22.5 

21.5 1.080 

21.5 
20.9 

25.0 

23.0 
21.5 

22.0 
22.0 

(22.5) 1.094 
22.0 

22.5 

(22.5) 1.178 
20.0 
23.0 

21 .o 
(22.5) 

23.0 

1.0778 

1.0915 

1.1753 

1.010 

1 .005 

1.090 

1.030 

1.160 

1.02 

1.019 

1.065 

1.0076 
1.010 

1.012 
1 .a028 

1.0876 

1.0277 

1.1580 
1.216 

1.018 

1.1100 

1.0600 

1.0167 

1.0626 

1.0079 

1.0098 

1.2131 

1.0150 

YOSP-Round 2 ( 4 )  HydroGeoChem(5) ln tera f i e l d  Data 
sp.grV. density sp.grv. density sp-grv. density 

9 / C d  WCm3 

Calculated 
Density 

UCm3 --___.__.- 
1.1560 (12) 

1.091 1.0883 

1.043 1.0405 

1.063 1.0609 

1.160 1.1569 (8) 

1.1065 

1.0906 

1.0431 
1.040 1.0370 (7) 

1.0460 

1.031 1.0285 (7) 

1.0174 

1.0152 

1.0609 

1.0072 
1.0086 

1.0094 
1.0115 

1.0906 
1.0963 

1.0321 

1.1676 
1.1691 
1.2176 

1.0204 

1 .DO09 

source o f  
D a t a  used Oensi t y  

i n  Ca lcu la t ion  t o  Use 

- - -. - . . g/cm3 

Y - R l - B  

U-Rl-B 

Y-Rl-B 

USGS 

Y-Rl-B 

SNL-B, F 
U-RI-B 

SNL-B 
Y-Rl-B 

USCS 
SUL-B 

SNL-B 

USGS 
SNL-B 
Y-R1-8 

SNL-B 

Y-Rl-0 

1.153 ( 1 0  

1.103 (11) 

1.088 

1.041 

1.017 

1.015 

1.061 

1.043 (11) 

1.008 
1.008 

1.012 
1.012 

1.092 
1 .a92 

1.032 

1.213 (10) 
1.213 (10) 
1.213 (10) 

1.020 

1.001 

References: 
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APPENDIX G TRANSIENT TESTS IMPLEMENTED 

DURING TRANSIENT SIMULATIONS 

G. 1 I n i t i a l  Conditions 

The purpose of t h i s  modeling s tudy  is  not  only t o  simulate t h e  

undisturbed hydrologic condi t ions  but  t o  also s imula t e  the  t r a n s i e n t  
behavior of the Culebra dolomite i n  response t o  the H-3 and WIPP-13 
multipad pumping tests. These tests cannot be  s imulated adequately by 

simply assuming undis turbed hydraulic condi t ions  a t  the  beginning of 

each of t h e  multipad pumping tests. The major d i s t u r b i n g  even t s  
( i .e . ,  shaft a c t i v i t i e s  and well tests) must be implemented i n  o rde r  t o  
o b t a i n  similar i n i t i a l  hydrologic cond i t ions  i n  t h e  Culebra dolomite a t  
the beginning of the H-3 and WIPP-13 multipad pumping tests. 

Descriptions of the s h a f t  a c t i v i t i e s ,  t h e  well tests tha t  are considered 
t o  be s i g n i f i c a n t ,  and t h e  H-3 and WIPP-13 multipad pumping tests are 
presented i n  the  fol lowing sec t ions .  

C.2  Descr ipt ion of Shaft A c t i v i t i e s  

A s  a l r zady  d iscussed  i n  Sec t ion  3.7.4, t h e  hydrogeology of the Culebra 
dolomite has  been inf luenced by d r i l l i n g  and excavat ing three s h a f t s  

(waste-handling shaf t ,  cons t ruc t ion  and sa l t -handl ing  shaf t ,  and exhaust 
s h a f t )  a t  t h e  cen te r  of the  WIPP si te.  These shaf t  a c t i v i t i e s  have been 
by f a r  t h e  most important hydrologic d is turbances  at t h e  WIPP s i t e  s i n c e  
1981, r e s u l t i n g  i n  large changes i n  the piezometr ic  s u r f a c e  a t  t he  

c e n t r a l  par t  of the  WIPP s i te  (Sec t ion  3.7.4).  

G.2.1 The Early Shaft History 

The f i rs t  shaf t  excavated w a s  t he  cons t ruc t ion  and sa l t -handl ing  
s h a f t ,  formerly called t h e  explora tory  shaft. A detailed h i s t o r y  of 
the shaf t  cons t ruc t ion  w a s  repor ted  by Fenix and Sc isson  (1982). This 
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h i s t o r y  w a s  used by Stevens and Beyeler (1985) t o  model the e f f e c t  of 
the shaft  d r i l l i n g  and shaft  completion on the hydi-ologic response a t  
the H-1, H-2, and H-3 wells i n  both the Magenta and the  Culebra 
Dolomite Members of the  Rus t l e r  Formation. A s  demonstrated by Stevens 
and Ekyeler (1  985),  t he  effect of t h e  explora tory-shaf t  cons t ruc t ion  
on the pressures i n  the Culebra dolomite was s igni . f ican t  a t  the well 
loca t ions  H-1,  H-2, and H-3. 

A synopsis of d r i l l i n g  and cons t ruc t ion  events  re levant  t o  t h i s  s tudy  
is summarized below (modified after Stevens and Ekyeler,  1985): 

Ju ly  4 ,  1981 : Start of reverse- ro ta ry  d r i l l i n g  wi th  3.68-m 
diameter. Land-surface eleva1;ion is about 
1039.4 m amsl. 

August 4 ,  1981 

August 9 ,  1981 

August 15, 1981 

: Dri l l ed  i n t o  the top  of t h e  Ciilebra dolomite.  

: Dri l l ed  through the bottom of the Culebra 
dolomite. The d r i l l i n g - f l u i d  l eve l  i n  t h e  shaft 

f e l l  below the bottom of the Magenta dolomite 
(about 847.4 m amsl). Consequently, t h e  f l u i d  

pressure i n  the Culebra dolomite ( cen te r  a t  822 

m amsl) f e l l  below 350 kPa.  

: D r i l l i n g - f l u i d  l e v e l  i n  the s n a f t  f e l l  below t h e  
bottom of t h e  Culebra dolomit'z; subsequently,  
ground-water flow from t h e  Culebra dolomite i n t o  
the  shaf t  was u n r e s t r i c t e d  a n d  t h e  Culebra 

dolomite was exposed t o  atmospheric pressure  
(about  101 kPa)  . 

October 24, 1981 : D r i l l i n g  stopped 701 m below land su r face ;  the 

borehole was f i l l e d  wi th  b r i n e  t o  about 77 m 
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below land  su r face  (962 m amsl) . The b r ine  
dens i ty  was not  reported.  
(1985) estimated t h e  r a t io  of the  dens i ty  of the  

b r ine  t o  the  dens i ty  of t h e  formation f l u i d  t o  
be about 1.3. The formation-f luid dens i ty  a t  
t h e  s h a f t  l oca t ion  is not exac t ly  known, but 
l i k e l y  t o  be between 1.02 g/cm3 (e .g . ,  a t  t h e  
well H - 1 )  and 1.04 g/cm3 ( e . g . ,  a t  H-3 or  
DOE-2). Consequently, it can be assumed t h a t  
t h e  dens i ty  of t he  b r ine  was about 1.3 g/cm3, 
which is r a t h e r  high.  Using t h i s  dens i ty ,  the 

pressure  a t  t h e  cen te r  of the Culebra dolomite 
can be ca l cu la t ed  t o  be 1886 kPa .  The 
corresponding equiva len t  f reshwater  head equals  
1004 m amsl. 

Stevens and Beyeler 

October 25, 1981 
t o  

November 15, 1981 : Brine was con t inua l ly  added t o  t h e  s h a f t .  The 

d r i l l i n g  f l u i d  l e v e l ,  which was occas iona l ly  
repor ted ,  rose  about 35 in over t h e  time 
period. I t  is l i k e l y  t h a t  a considerable  amount 
of b r ine  en tered  t h e  Culebra dolomite during 
t h a t  time period.  

November 1 6 ,  1981 : The d r i l l i n g  f l u i d  level i n  t h e  s h a f t  w a s  
approximately 997.2 m amsl, r e s u l t i n g  i n  a 
pressure of about 2334 k P a  a t  t he  cen te r  of the 

Culebra dolomite (assuming 1 . 3  g/cm3 as b r ine  
d e n s i t y ) .  
f reshwater  head of 1049.7 m amsl. 

This corresponds t o  an equiva len t  
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November 16, 1981 
t o  

December 3, 1981 : The casing w a s  lowered i n t o  the s ,haf t .  Stevens 
and Beyeler (1985) assumed t h a t  t,he b r i n e  e i ther  
over-flowed the borehole while the casing w a s  
being lowered o r  the b r ine  l e v e l  w a s  a t  ground 
l e v e l .  This assumption results i n  a ca l cu la t ed  
formation pressure  i n  the Culebra dolomite of 
2873 kPa o r  an equivalent  freshwater head of 
1104.6 m amsl. 

December 4 ,  1981 
t o  

December 6 ,  1981 : Beginning December 4 ,  the annular' space between 
the cas ing  and the  shaf t  wall was cemented. 
Stevens and Beyeler (1985) again made t h e  

assumption that  the b r ine  i n  t h e  shaft  w a s  
either overflowing onto  the land su r face  or  w a s  
a t  land surface. Thus i t  can be assumed tha t  
t h e  formation pressure  i n  t h e  Cul.ebra dolomite 
was about t he  sane as during the cas ing  
i n s t a l l a t i o n .  
opera t ion  ended. 

On December 6,  t h e  cement-sealing 

Thus, t he  early s h a f t - h i s t o r y  per iod las ted from Ju ly  1981 through 
December 1981. The e f f e c t s  of the act ivi t ies  a t  the eKploratocy shaft  

during t h a t  time period on the hydrologic condi t ions  at the  l o c a t i o n s  
of H-1, H-2, and H-3 can be seen i n  t h e  corresponding diagrams i n  
Appendix E (F igures  E . 1 ,  E .2 ,  and E . 3 ) .  A l l  three f i g u r e s  show a 
sudden decrease of the  freshwater head i n  the t h i r d  qua r t e r  of 1981 
which w a s  caused by t h e  f i r s t  exposure of the Culebra dolomite t o  
atmospheric pressure.  The peak e l eva t ion ,  caused by f i l l i n g  t h e  

explora tory  s h a f t  wi th  b r i n e  i n  December 1981, is a l so  clearly shown 
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on a l l  three diagrams. The subsequent decrease of t h e  freshwater 
heads i n  1982 reflects the end of the  inf luence  by the explora tory  
shaft  and the exposure of the  Culebra dolomite t o  atmospheric pressure  
a t  t he  v e n t i l a t i o n  shaft (Sec t ion  G.2.2). Although the above- 
discussed e a r l y  shaf t  a c t i v i t i e s  d i d  not  s i g n i f i c a n t l y  inf luence  the 

hydrologic condi t ions  i n  t h e  Culebra dolomite i n  1985, they were 
incorporated i n t o  t h e  s imula t ions  because their  effects represent  an 
exce l l en t  test of the behavior of the t r a n s i e n t  model. The e f f e c t s  of 
t h e  shafts over the total  per iod of 1381 t o  1985, however, d i d  have a 
pronounced inf luence  on t h e  pressure d i s t r i b u t i o n  i n  the Culebra a t  
the start of the H-3 mul t ipad  tes t  i n  1985. 

G.2.2 The Open-Siaft Period 

The d r i l l i n g  of the v e n t i l a t i o n  s h a f t  (1.83-m diameter ) ,  which was 
widened two years later and renamed the waste-handling shaf t  (5.8-m 
diameter), was started i n  December 1981 and completed i n  February 
1982. Dri l l i ng - f lu id - l eve l  data from t h i s  time period are not 
ava i l ab le .  Therefore,  i t  w a s  assumed tha t ,  similar t o  the  d r i l l i n g  of 
t he  explora tory  s h a f t  (Sec t ion  C.2.1), t h e  d r iL l ing - f lu id  l e v e l  f e l l  
below t h e  Culebra dolomite on January 15, 1982. Subsequently, the 

ground-water flow from t h e  Culebra dolomite i n t o  the shaft  w a s  

u n r e s t r i c t e d ,  i .e.,  the Culebra dolomite was again exposed t o  atmos- 
pheric pressure.  The v e n t i l a t i o n  shaft  remained open and d ra in ing  
p r i o r  t o  excavation as the waste-handling shaft  between November 1983 
and August 1 984. 

The t h i r d  of the  three s h a f t s ,  t he  exhaust  s h a f t ,  was s t a r t e d  as a 
7-7/8-inch p i l o t  hole i n  October 1983. It was d r i l l e d  out  t o  an 
1 1  -inch diameter i n  December 1983. The shaft  was then raise-bored t o  
1.83-rn diameter from December 1983 t o  February 1984. Although t h e  

l i n e r  p l a t e  a t  t he  e l e v a t i o n  of the  Culebra dolomite w a s  grouted 
during shaft  cons t ruc t ion  i n  December 1984, cons iderable  seepage 
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through t h e  l i n i n g  was observed (more than 1 l i t e r / m i n ) .  An addi -  

t i o n a l  grout ing  and s e a l i n g  of the Culebra dolomite was conducted i n  
June and J u l y  1985. The exac t  date f o r  which t h e  s e a l i n g  of the 

Culebra dolomite w a s  e f f e c t i v e  is not known. Based on t h e  recorded 
pressures  a t  the waste-handling sha f t ,  i t  was assumed f o r  modeling 
purposes t h a t  the  Culebra dolomite a t  the exhaust s h a f t  was sealed on 
Ju ly  15, 1985. A t  the  scale of t h e  model, the  t h m e  s h a f t s  can be 

considered to  be a s i n g l e  hydrologic  f a c t o r  i n  the model. 

Consequently, it was assumed f o r  t h e  modeling s t u d y  that  t h e  Culebra 
dolomite w a s  exposed t o  atmospheric pressure  from sJaiuary 15, 1982 
through J u l y  15, 1985. During t h i s  time period,  the ground-water flow 

from the Culebra dolomite i n t o  a t  least one of t h e  shafts was assumed 
t o  be u n r e s t r i c t e d .  

The drawdown a t  the w e l l  l oca t ions  H-1 ,  H-2, and H - 3  caused by the 

open s h a f t s  can be seen i n  t h e  corresponding d iagrans  i n  Appendix E 
(Figures E . l ,  E.2, and E . 3 ) .  Subsequent t o  the s p r i n g  of 1983, t h e  

drawdowns at these wells were d i s tu rbed  by o the r  E.ctivities (e .$ . ,  
pumping tes ts) .  Therefore,  the maximum drawdowns caused by t h e  open 
shaft  can only be estimated t o  be approximately 1 4  m a t  H-1, 4 m a t  H- 

2 ,  and 2.8 m a t  H-3. 

The recorded data of H-4,  H-5, H-6, P-15, and P--17 (Appendix E,  

Figures  E. 4 ,  E.5, E.6, E. 18, E. 19)  do not  show a cleai? response t o  the  

cons t ruc t ion  work a t  the  shaf ts ,  p a r t l y  because t h e i r  water levels 
were d is turbed  by other factors. It  was assumed t h a t  the effects of 
the  open shaf t s  at these well loca t ions  were less than 1 m.  

No water-level data f o r  t h e  time period before  1984 were a v a i l a b l e  f o r  
the loca t ions  of DOE-1, H-11 ,  WIPP-18, WIPP-13, WIPP-21, and 
WIPP-22. Tnerefore,  i t  is not poss ib l e  t o  estimate the effcxts of the  

shaft  cons t ruc t ion  on t h e  formation pressures  a t  these  loca t ions .  
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G.2.3 The Snaf t  Leakage After Sha f t  Seal ing 

A s  mentioned before ,  t h e  last of the three shafts ( i . e . ,  the exhaust 
s h a f t )  w a s  l i n e d  and sealed i n  Ju ly  1985. However, the s e a l i n g  i n  a l l  
three shafts is not f u l l y  e f f e c t i v e ,  allowing formation water from t h e  

Culebra t o  leak through the s h a f t  seals. Pressure t ransducers  monitor 
the formation pressures  behind the  shaft  l i n e r s .  Both the observed 
leakage and the  measured formation pressures i n d i c a t e  t h a t  t h e  Culebra 
dolomite has not  re turned t o  undisturbed hydrologic  condi t ions  and has 
a formation-pressure drawdown cone around the shaft loca t ion .  The 

depth and the s i z e  of t h e  cont inuing drawdown cone w i l l  be governed by 

the long-term pressure a t  the shaf t  l o c a t i o n  and the  remaining leakage 

rates. The hydrologic condi t ions  a t  the beginning of the  3-3 mu'ltipad 
pumping test  i n  October 1985 and t h e  WIPP-13 multipad pumping tes t  i n  
January 1987, t he re fo re ,  l i e  somewhere between the  condi t ions  caused 
by exposure t o  atmospheric pressure  f o r  4 yea r s ,  and new condi t ions  
defined by t h e  remaining shaf t  leakage. 

me e x i s t i n g  hydrologic  data (Appendix E) i n d i c a t e  t h a t  the  Culebra 
freshwater head a t  the  shaf t  l oca t ion  between Ju ly  1985 and October 
1985 was somewhere between 885 and 900 m m s l .  There are no 
documented measurements of the t o t a l  shaft  leakage Tor that  time 
period. Leakage rate measurements taken i n  the  waste-handling shaft  

i n  1986 range between 0.5 and 2 l/min. For t h e  first t r a n s i e n t  
s imula t ions ,  a t o t a l  leakage rate ( f o r  a l l  three shaf ts)  of 2 l/min 
was assumed fo r  t h e  sealed b u t  l eak ing  shafts.  

(2.2.4 Simulation of t h e  Shaf t  History 
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In  order  t o  s imulate  the shaf t  h i s t o r y  o u t l i n e d  i n  the previous 
s e c t i o n s ,  a s ink/source a t  the  shaft location w a s  included i n  the 

model. Technically t h i s  was done by p lac ing  a pumping/injection well 

i n  t h e  g r i d  block that corresponds t o  t h e  l o c a t i o n  of t he  t h r e e  



shafts. The early shaft  h i s t o r y  (Sec t ion  G.2.1) and t h e  open-shaft 
period (Sec t ion  G.2.2) were simulated using the pressure-control led 
mode of the wellbore submodel (Reeves e t  a l . ,  1986). Using this model 
opt ion ,  t h e  t r a n s i e n t  pressures a t  the  shaft  l o c a t i o n  during tha t  time 
period were prescr ibed.  The corresponding leakage o r  i n j e c t i o n  rate 
w a s  au tomat ica l ly  ad jus ted  by SWIFT I1 during the s imula t ion  so t h a t  
the prescr ibed  pressures  were maintained a t  the gri d-block cen te r  
(Figure 5 .2 ) .  

For the s imula t ion  of' the sealed but  leaking s h a f t s  (Sec t ion  G.2.31, 
the ra te -cont ro l led  mode of the  wellbore submodel (Reeves e t  a l . ,  
1986) was used. A s  discussed i n  Sec t ion  G.2.3, an assumed leakage 
rate of 2 Urnin w a s  used f o r  t h i s  event  i n  the t r a n s i e n t  s imula t ions  
presented i n  Sec t ion  5.0. 

G.3 Simulation of Well Tests 

Since 1981, the hydraul ic  heads of the Culebra dolomite has not  only 
been d is turbed  by the  s h a f t  a c t i v i t i e s  discussed i n  the previous s e c t i o n  
but a lso by numerous well tests. Important f o r  the hydraul ic  condi t ions  
i n  t h e  c e n t r a l  p a r t  of t h e  model area were the tests performed a t  H-2, 
H-3, and H-4. Consequently, the  tests on these wells o r  hydropads that 
were considered t o  be r e l evan t  and for  which s u f f i c i e n t  data were 
ava i l ab le  were implemented i n  t h e  model. The fol lowing s e c t i o n s  d i scuss  
the tests which were considered important and t h e  methodology [used t o  
simulate these tests. 

G . 3 . 1  Well Tests a t  t h e  H-2 Hydropad 

Tne test h i s t o r y  of the  H-2 hydropad is rather compl-icated (Appen- 
d i x  E, Figure E.2) ,  c o n s i s t i n g  of a number of s l u g ,  pumping, and 
tracer tests. However, f o r  t h i s  modeling s tudy ,  only t e s t s  conducted 
s ince  1981 were considered. This is because earlier tests are not  
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l i k e l y  t o  have an inf luence  on the hydrologic condi t ions  i n  t h e  

Culebra dolomite i n  1985 or  1986. 

Based on unpublished information ( f ie ld- tes t  notebooks prepared by 
Hydro Geo Chem, Inc.  and INTERA Technologies, Inc.  f o r  Sandia National 
Laboratories), the fol lowing major tests have been conducted a t  t h e  

H-2 hydropad i n  the period 1981 t o  1985: 

o a pumping tes t  a t  H-2b2 (October 13-16, 1983) wi th  an  average 
pumping rate of 1.47 l/min (calculated for  a 72-hour pumping 
per iod)  ; 

o a second pumping test at H-2b2 (November 8-17, 1983) wi th  an 
average pumping rate of 1.07 l/min; 

o b a i l i n g  a t  H-251, H-2b2, and H-2c between June 7 ,  1984 and Ju ly  2, 
1984. The volumes of ground water removed from the  d i f f e r e n t  
boreholes during the  d i f f e r e n t  tests totaled about  8100 1. This 

corresponds t o  an average production rate of 0.23 l/min during 
tha t  time period; 

0 a t h i r d  pumping test  a t  H-2b2 ( J u l y  17 - Aubast 2, 1984). During 
eight  pumping per iods ,  about 2600 1 were removed from that bore- 
hole. This corresponds t o  a n  average pumping rate of 0.11 l/min 
during the time period. 

Numerous add i t iona l  tests or similar activities were performed s i n c e  
1981, but because they d id  not  l a s t  more than 3 or 4 days,  they were 
not considered t o  be important enough t o  be implemented i n t o  t h e  

model. Also, r e c i r c u l a t i o n  tracer tests performed a t  t h e  WIPP s i t e  
were not considered because these tests do not represent  a n e t  removal 
of ground water from the Culebra. 

H09700R554 G - 9  



n 

The well h i s t o r y  a t  t h e  H-2 hydropad was complicated by d r i l l i n g  
a c t i v i t i e s  ( e . g . ,  H-2b2 i n  summer 1983) ,  well recondi t ioning ( e . g . ,  
a l l  wells a t  t h e  H-2 hydropad i n  winter  1983/1984), packer movements 
and t ransducer  i n s t a l l a t i o n s  (e .g . ,  H-2bl i n  J u l y  1384). S u f f i c i e n t  
data on these a c t i v i t i e s  were not  a v a i l a b l e  t o  allow incorpora t ion  of 
them i n t o  the model. Thus, only t h e  f o u r  tests ou t l ined  above were 
implemented i n t o  the model using the SWIFT I1 wellbore submodel (rate- 
con t ro l l ed  mode). The pumping rates as soc ia t ed  wi th  these f o u r  tests 
are i l l u s t r a t e d  i n  Figure 5.3. 

G.3.2 Convergent-Flow Tracer Tests a t  the  H-3 Hydropad 

After completion of t h e  H-3 hydropad e a r l y  i n  1984, the f i r s t  major 
test conducted a t  t h a t  hydropad w a s  t h e  convergent-flow tracer test 
(Hydro Geo Chem, 1985; Kel ley and Pickens, 1986).  The act ivi t ies  

assoc ia ted  with t h i s  test  included well development, a pumping test 
designed t o  eva lua te  t h e  t r ansmiss iv i ty  of the C u l e b r a  dolomite at t h e  

H-3 hydropad, and t h e  pumping per iod corresponding tcl t he  convergent- 
flow tracer tes t .  The pumping rates associated w i t h  these act ivi t ies  
are p lo t t ed  i n  Figure 5.3. The first two pumping per iods (well 
development) were very s h o r t  and t h e r e f o r e  were not incorporated i n t o  
t h e  model. 

The f i r s t  pumping per iod that  was incorporated i n t o  the model l a s t e d  
from April  23 through May 7, 1984. An average production rate of 15 
l/min was used. On May 7 ,  t he  pumping rate w a s  lowered i n  order  t o  
prepare f o r  the  convergent-flow t r a c e r  test  which had t o  be performed 
under regulated-flow condi t ions .  . A s  Figure 5.3 shows, a pumping r a t e  
of about 1 1 . 4  Winin was maintained between May 7 and June 3, 1984. 
From June 3 u n t i l  t he  end of the  tes t  on June 12, 1984, moderately 
higher  pumping rates were recorded. An average pump.tng rate of 13.2 
l/min w a s  s e l e c t e d  f o r  modeling purposes f o r  t h i s  la t ter  per iod.  
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In  summary, the convergent-flow tracer tes t  was implemented as a 

pumping test  using 15 l/min fo r  the time period from Apri l  23 t o  
May 7 ;  1 1 . 4  l /min from May 7 t o  June 3; and 13.2 Umin frm June 3 t o  
June 12,  1984. 

G.3.3 Step-Drawdown Test at t h e  H-3 Hydropad 

A step-drawdown test  w a s  performed a t  the H-3 hydropad between June 20 
and J u l y  10, 1985 (INTERA, 1986). Using t h e  well H-3b2 as a pumping 
well, t h e  pumping rate was step-wise increased (F igure  5.3)  and t h e  

responses i n  the surrounding wells recorded (Appendix E ) .  

A s  i l lustrated i n  Figure 5.3,  the  fol lowing average pumping per iods 
and rates were implemented: 

June 20 - June 24, 1985 : 

June 24 - June 28, 
June 28 - Ju ly  5 ,  
Ju ly  5 - J u l y  10, 

7.75 l/min 
985 : 5.0 l /min 
985 : 8.0 l/min 
985 : 9.25 Umin 

These fou r  pumping per iods with the corresponding pumping rates were 
implemented using t h e  r a t e -con t ro l l ed  mode of t h e  SWIFT I1 weilbore 

submodel. 

G.3.4 H-3 Multipad Pumping Test 

The pumping per iod of the H-3 multipad pumping test  was from 
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/min 
(Figure 5.3) was removed over a time period of 62 days. The H-3 
multipad pumping tes t  w a s  incorporated i n t o  the  model using t h e  rate- 

con t ro l l ed  mode of t h e  S’dIFT I1 wellbore submodel. 
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G.3.5 Convergent-Flow Tracer Test a t  the  H-4 Hydropact 

A long-term tracer test w a s  conducted a t  the  H - 4  hydropad from 
October 24, 1982 t o  October 15, 1984 (Hydro Geo Chem, 1985; Kelley and 
Pickens, 1986). The withdrawal w e l l  was H-4c. 'The pumping rate 
during the tracer tes t  (Figure 5.3) can be gene ra l ly  divided i n t o  two 
sepa ra t e  flow periods.  The first flow rate started October 24, 1982 
with a pumping rate of about 1 l/min which continued u n t i l  June 10,  

1983. A t  that time, the  pumping rate w a s  doublea t o  2 l/min and 
maintained u n t i l  August 9,  1983. A s  Figure 5.3 sh'3ws, the pumping 
rate f luc tua ted  around 1.86 Urnin during t h e  fol lowing months u n t i l  
June 20, 1984. S l i g h t l y  higher pumping r a t e s ,  with an estimated 
average of 2 l /min, were recorded from June 20, 1984 u n t i l  the  end of 
the tracer tes t  on October 15, 1984. Similar t o  the o t h e r  well t e s t s ,  
the H-4 convergent-flow tracer test was implemented i n t o  t h e  model 

using the ra te -cont ro l led  mode of the SWIFT I1 wellbore submodel. 

G. 3.6 WIPP-13 Multipad Pumping Test 

The WIPP-13 multipad pumping test cons is ted  of a 36-day cons t an t - r a t e  
pumping period followed by a 72-day recovery period. The test began 
on January 12, 1987, w i t h  WIPP-13 being pumped continuously a t  
approximately 116 l/min u n t i l  February 17,  1987 (Stensrud e t  a l . ,  
1987). The a c t u a l  pumping rate v a r i e d  s l i g h t l y  over the 36-day per iod 

from 113 Umin t o  119.8 l/min. 

Four per iods were used i n  the  model t o  implement the WIPP-13 pumping 
test. From January 12 t o  January 27, a pumping rate of 113.4 l/min 
was used. The second per iod was fcom January 27 t o  February 4 and had 

a pumping rate of 116.4 l /min. The highest  pumping rate of 119.4 
Urnin was implemented from February 4 t o  February 1 1 .  "lie f o u r t h  
per iod lasted from February 1 1  u n t i l  February 17 and had a pumping 
rate of 118.0 l h i n .  The pumping rates implemented 1i.n the model are 
i l lustrated i n  Figure 5.3. 
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G. 4 Time-Step Considerations 

The t r a n s i e n t  r e so lu t ion  of the s imula t ion  of each of the hydrologic 
d is turbances  is a direct func t ion  of the  number and the l eng th  of the 

time s t e p s .  Taking i n t o  account the l eng th  of time t o  be simulated 
(more than 6 years )  and the t r a n s i e n t  r e so lu t ion  of the observed head 

data (Appendix E ) ,  it w a s  determined that a r e s o l u t i o n  of one day was 
appropriate .  Consequently, t h e  smallest time s t e p  used i n  t h i s  modeling 
s tudy had a length  of one day. In  order t o  optimize the  e f f i c i e n c y  of 
t h e  t r a n s i e n t  s imula t ions ,  the  minimum time s t e p  was only used a t  t h e  

beginning of a new a c t i v i t y ,  e.g., a t  the  s tar t  of a tes t  o r  a f t e r  
d r i l l i n g  a shaft .  Similar t o  the c m o n  practice of reducing monitoring 
frequency during a hydraul ic  test ,  t h e  l eng th  of subsequent time s t e p s  
was increased (e.g., 2,  4, 8 ,  16  days) .  An a r b i t r a r y  maximum of 32 days 
w a s  chosen f o r  the t ime-step s i z e .  
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