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EXECUTIVE SUMMARY 

This hydrogeologic modeling study has been performed as part of the 

regional hydrologic characterization of the Waste Isolation Pilot Plant 
., .' . 

(wIPP) Site in southeastern New Mexico. The study resulted i n  an 
estimation o f  the transmissivity distribution, hydraulic potentials, flow 

f i e l d ,  and f l u i d  densities in t he  Culebra Dolomite Member of the Pemian 

Rustler Formation at the WIPP site. 

The three-dimensional finite-difference code SWIFT-TI was employed for the 

numerical modellng, using variable-fluid-density and a single-porosity 

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

.include changes in brine density within the model due to the present rlow 

field or due to local reactions, such as halite dissolution. The spatial 
scale of the model, 24 h by 25 h, w a s  chosen to allow sf mulation of a 

62-day pumping t e s t  conducted in the fa l l  of 1985 at the H-3 hydropad 

south of the center of the WIPP site, and a 36-day pumping test conducted 

in e a r l y  1987 at well WIPP-13 northwest of the center of' the WIPP site.  
The modeled area includes and extends beyond the WIPP contrdlled zone 

(Zone 31- 

1 me work performed consisted of modeling the hydrogeology of'the ~ulrbt-d  
using two approaches : ( 1 ) steady2state modeling t o  develop the best 

estimate of the undisturbed head distribution, i.e., of the situation 

before sinking of t h e  WIPP shafts ,  which began in 1981; and (2) 

superimposed transient modeling .of local hydrologic responses to 

excavation of the three WIPP shafts at the center of the WIPP si te ,  as ' 
well as t o  various well tests, bundary conditions (prescrikd constant 

1 f l u i d  pressures and densi  t i esl 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-s t ate freshwater 

heads as initial conditions. 
i 
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The initial spatial transmissivity distribution in the Culebra dolomite 

w a s  obtained using twd different kriging techniques, the USGS universal 

kriging code, K603, and the MIT generalized kriging code, AKRIP. 'Ihe 

resul t ing transmissivity distributions are very similar with low 

trmsmissivities (< 1 x m2/s) in the eastern model area, intermediate 

transmissivities (1 x ' to 1 x 1 o - ~  m215) in the central part  of the 

model area, and high transmissivities ( >  1 x m2/s) in the  western 

part  of t he  model mea representing Nash Draw. The trmsmissivity 

distribution estimated by AKRIP nas selected for t h e  in i t ia l  steady-state 

simulation. The resulting initial steady-state model w a  calibrated such 

t h a t  the differences between the calculated and observed freshwater heads 

are below t he  uncertainties associated with observed heads, Calibration 

parameters were the prescribed boundary conditions and transmissivities. 

AKRIP w a s  used in the estimation of the transmissivity distributions 

during calibration. 

The steady-state calibrated transmissivity distribution contains a 

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

tmsmissivities within  this zone are approximately 5 x rn2/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 t h i s  study 

demonstrate that the introduction of a higher transmissivity feature 

between H-17 and P-17 is required to reduce the  differences between the 
calculated and observed heads in the vicinity of DOE-7 and H-11 below the 
uncertainties of the observed heads. The f i n a l  transrnissivity 

d i s t r i b u t i o n  is also khcharacterized by a relatively large area of low 
transrnissivities (less than approximately 1 0-6 rn2/,) near the center of 

the site. This area includes wells H-1 , H-2, WfPP-12, WIPP-18, WIPP-19, 

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

After f i n a l  calibration of the  steady-state model, the following d r i l l i n g  

and tes t ing  activities at  the  WIPP shafts  and well locations were 

a . a  
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incorporated i n to  the model and superimposed onto t h e  s teady-stat e head 

d i s t r i b u t i o n :  (1 ) a simplified but complete shaft history since 1981 ; (2 )  

three pumping tests and a series of slug tests conducted at  the H-2 

hydmpad i n  1982 and 1881 ; ( 3 )  the H-3  convergent-flow tracer test 

conducted in 1984; ( 4 )  the H-3 step-drawdown test conducted in 1985; (5) 

the H-3 mu1 t i pad pumping test in 1 985 and 1 986 ; i 6) the convergent-f low 
tracer test  a t  the H-4 hydropad conducted between 1982 and 1984; and (7) 

the WIPP-13 . mu1 t ipad pumping test conducted in 1 987. The transient 

simulation of the above hydraulic stresses in t h e  Culebra dolomite 

extended f ran January 1 , 1 983 t o  December 31 , 1 987. 

The i n i t i a l  transient simulation us ing  the  s t e ady- s t a t  e calibrated model 

adequately reprcduced the  observed drawdowns at - 1  NE-24, and H-6 
during the WIPP-13 multipad punping test. me calculated drawdowns a t  . 
H-I 1 and WE-1 during the  simulation of the  H-3 multipad pumping test are 
also very similar to t he  observed drawdowns. The s teady-stat e c a l i b r a t e d  

transmissivities do not adequately reproduce the observed transient 
responses generated f ran the shaft events o r  the observed drawdawns at the 

pumping wells used in the simulation, H-2, H-3, H-4, and WIPP-13. 

Generally, the calculated drawdowns at these wells are a factor of two 

greater than  t h e  observed drawdowns. Similarly, the  calculated drawdowns 

due t o  the shaft events are a factor of two greater than  t h e  observed 

drawdown at H-I,  N-2,  and H-3.  

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

transmissivities and storativity upon the calculated transient heads 

indicate that adjustments to t h e  steady-state calibrated transmissivities 

are necessary to reduce the differences between the calculated and 

observed t r a n s i e n t  data.  These analyses indicate: ( 1  1 lower 

transmissitivities are required between the shafts and H-I, H-2, H-2, and 

the WIPP wells in the vicinity of the shafts; (23 higher trunsrnissivities 
are necessary in the vicinity of H-2,  H-3 ,  H-4, and WIPP-13; and (3 )  a 

higher  transmissivity , low-storat i v i t y  zone between WIPP-13 and the WIPP 

wells north of the shafts is necessary t o  reprduce the observed transient 

responses during the WIPP-13 multipad pumping test .  
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The modeling study discussed in this second interim report is based on the 

transmissivity data available as of November 1987, as well as the 

hydraulic-head data available as of August 1987. This modeling study 

Pepresents recent progress towards a comprehensive modeling study 

characterizing the regional hydrogeology of the Curebra dolamite of the 

Rustler Formation at  the WIPP site. The next step will incorporate the 

results of the transient effects due to the pumping dur ing  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, adgoint-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 ta be issued in early 

1 989. 
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I - 5  INTRODUCTIm 

Site-character1 zat ion efforts are being conducted a t  t he  Waste Isolation 

P i l o t  P l a n t  (WIPP) site in southeastern New Mexico (Figure 1 . I )  as part of 

the evaluation of the suitability of the bedded s a l t  i n  the Salado Foma- 
tion f o r  isolation of defense transuranic waste. Studies are performed In 

accordance wi th  the Consultation and Cooperation Agreement between the 

U.S. Department of Energy and the State of New Mexico. l$fforts have 
. included regional and local geologic, geochemical, and hydrogeologic 

chacacterl,zation. Sandia National laboratories is coordinating the 
hydrogeologic studies on behalf of the DepaPtrnent of Energy. This  report 
represents a summary of work conducted to date on developing a ground- 

water model for  the Culebra Dolmi t e  Mmhr of the Rustler ~ o & a t  ion on a 

regional scale around the WIPP site. This work was performed by I N E R A  

Technologies under contract t o  Sandi a National Labsat ories . 

The CuLebra dolomite is the  most transmissive, laterally-continwus, 

hydrogeologic u n i t  above the Salado Formation. It is considered t q  be the 

principal  pathway f o r  radionuclide transport i n  the subsurface should an 
accidental breach of the repository occur. This  study focuses on the 

simulation of ground-wat er flow within the Culebra . 
. ~ 

A f inite-dif f  erence model based on the hydrogeologic data base as of 

approximately November 1 987 is used t o  calculate the undisturbed and 

transient equivalent freshwater head distributions a t  t h e  site. The 

undisturbed heads represent the hydrologic mndi tions pr ior  t o  t h e  

construction of the shafts at the WIPP site in 1981. The transient heads 

were generated f ran several hydrolagi c tests including two regional pump- 

i ng  tests. The effects of t h e  HIP? shafts upon the hydrologic env$ronment 

are also presented. This study is an update of the model presented by 

Haug et a l .  ( 1  987) and includes art extended model area and an expanded 

data base. 

a 
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The conclusions' derived frm t h i s  study and their s igni f icance  t o  t h e  WIPP 

project are presented i n  Section 6.0. The results are intended td provide 

additional information fo r  the characterization of the WIPP site, and t o  
support t h e  evaluation of the su i tab i l i ty  of t h e  s i t e  for disposal of 

defens-e transuranie waste. 

1.1 Objectives 

, . 

The objectives of t h i s  report are to:  

(1 1 document the hydrogeologic data base for the Culebra at t h e  WIPP 
site (including ~ u l e b r a  elevations. transmissivi ties, storativi- 

ties, format ion-fluid densities, undisturbed equivalent freshwater 
heads, and hydrologic stresses during t h e  period 1 981 - 1 987 ) ; 

(2) continue t h e  developnent of a conceptualization and modeling 

strategy for describing ground-water flow in the  Culebra; and 

( 3) present the cal i brat ion approach and results for simulating ground- . , 
water flow in the  ~ulebra under undisturbed hydt'auli c conditions 
and under transient conditions (1981 to  1987) resulting fran shaft  

activities and well tests ( i n  particular, two long-term pumping 

tests a t  H-3  and WIPP-IT). 

The spatial  scale for the numerim1 model ut i l ized in t h i s  study was 

chosen t o  allm a quantita'tive evaluation of t h e  H-3  and WIPP-13 

multipad pumping tes ts  and tb allow an assessment of ground-water flow 

in the Culebra a t  the WIPP s i te  i n  a region of interest f o r  future 
perf ormanee-assessment calculations and evaluat i om. As such, it 

enconpasses the WIPP site and its immediate surroundings. The WIPP-si te 
boundary (also ref erred t o  as the Zone-3 boundary) is defined approxi- 

mately by a four-mile square as i l lustrated in Figure 1.1 and represents 
the boundary t o  the accessible environment i n  the context of 



0 performance-assessment s tud ies .  Tlne model is relatively detailed since 

i t  includes the area containing the majority of the available monitoring 

and testing wells in this region. 

I ,2 Other Modeling. Studies of Ground-Water Flow in the Culebra Dolani te 

Several modeling s tudies  of ground-water flow at the  WIPP s i te  have been 

conducted since 1 978, with particular emphasis on the Permian Rustler 

Formation. These studies are presented in: 

o Final  l3wironmental Impact Statement (FEIS), U. S. DOE (1 980) and 
WIPP Safety Analysis Report, U.S. DOE 119813; 

e Cole and b n d  (1980); 

o DTAppolonia Consulting Wineers, Inc. (1980); 

o Ba~r  et al. (1983); 

o Haug et  al. (19873; 

0 Niou and ~ i e t z  ( 1 987) ; , 
o Davies (1988). 

me approximate areal extent encompassed by these models i s  illustrated 

i n  Figure 1.2. 
. . 

t 

The hydrogeologic data base at the WIPP site  has been significantly 

expanded i n  the period 1985-1987. Modeling studies before 1985 

utilized a smaller data base for characterizing the Culebra. These 

earlier s t u d i e s ,  the interim modeling report by Haug e t  al. (1 987) 
which utilized the data base up t o  mid-1986, and the recent modeling 

s tud ies  by Niou and Pietz 119871 and Davies (1988) are discussed 

brie f ly  below. 

1.2.1 Modeling Studies Before 1985 

The modeling studies ~ksented' in the Final Envi rmmnta l  Impact 

a 
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Statement and the  WIPP Safety Analysis Report (SARI were conducted by 
INTERA during the period 1977-1980. The objectives of these studies 

were to: 

( 1 check the consistency between various sets of hydrogeologic 

data; . . 

(2) calculate the  extent of vertical hydraulic communication between 

various hydrologic units; 

(33 delineate heterogeneities i . , spatial variation of 

permeability) ex is t ing  within each geologic formation; 

( 4 )  determine potentials and/or hydraul ic  conductivities in areas 

where data are lacking; and 

( 53 determine boundary conditions for local scenario and nucl ide- 

transport modeling. 

The hydrologic data base bf t h e  above-mentioned s tud ies  was obtained 

p r i n c i p a l l y  f rorn Mercer and Orr ( 1 977) , which summarized data existing 

through February 1977, and from a d r a F t  USGS report t o  Sandia National 

Laboratories containing the results of well tests and permeability 

estimates at the  WIPP site. The hydrogeologic units included i n  the 

modeling studiezi were the Rustler Formation- (modeled as a single 

hydrologic u n i t ) ,  the  shallow-dissolution zone along the Rustler- 

Salado interface in Nash braw (see Figure 1 .21, the Delaware Mountain 
Group, the Capitan Reef, the Salado Formation, and the Castile 

Formation. 

Cole and Bond (1 980) conducted a benchmark check of the modeling 

studies done by IhTERA Tor ' the  FEIS. The Cole and Bond study, 

performed on behalf OF the Off ice  of Nuclear Waste Isolation (ONHI), 



utilized the same data and conceptual, model for  Its assessments. The 

numerical model they used, denoted VTT, is a two-dimensional 

rnultilayer model which solves the bussinesque equations for ground- 
water flow and allows hydraulic cmunicat  ion between layers with an 

interaquifer transfer coefficient . The results of' their model in$ 
studies showed a very close correiFondence to results obtained using 

the INTERA model. 

D ' Appolonia Consulting Ehgineers , Inc . ( 1 980) conducted model ing 

studies of the  WIPP site with the objectbes of: 

( 1 veri fying the basi c calculat i onal procedures implemented by 

INTERA in the SAR for the analyses of breach and transport 

events ; 

(2) evaluating the sensitivity of the results to basic hydrogeologic 

md geochemical parameters and source- term i npu t s ;  and 

13) reviewing t h e  data base used t o  def in@ the input prameters. 

In their studies, the Rustler Formation and the Bell Canyon aquifer 

were modeled indiv idual ly  with separate model grids and simulations. 

Overall, their results and conclusions were consistent with the 

previously conducted s t u d i e s  . 

l'he model developed by Barr e t  a3. (1983) had the p r i n c i p a l  objectives 

of: 

( 1 )  simulating the freshwater potential surfaces for t h e  Magenta and 

CuLe bra dolomites; and 

(2) estimating rates and extents of mipa t ion  of ideally nonsorbing . 
contaminants injected continuously into the  Culebra and Magenta 

dolmites without disturbing t h e  calculated head distribution. 



The model area was selected t o  include the majority of hydrologic 

wells and most of Nash Draw. . The Cuebra. and Magenta dolomites were 
modeled separately using an anisotropic two-dimensional model, 

ISOQUAD . The hydrogeologic data base consisted primarily of 

Mercer i 1 983 I and Gonzalez (1 983 a, b) . Travel times along selected 
streamlines were presented. Results of t h i s  ef f e r t  indicated slower 

ground-water movement than presented in-previous reports. , 

1 .2.2 Interim Report; by Haug e t  al. ( 1 9873 . . 

In 3 986, INTERA began new modeling studies of the Culebra dolomite 

CHaug et al., 19873. The objectives included: 

( I ) evaluating the. H-3  multipad pumping tes t  conducted in late 1 985 
and early 1986; and 

(2) simulating ground-water flow in the Culebra dolomite a t  the WIPP 

site. This was meant to be a f i r s t  step toward a regional model 

capable of simulating ground-water flow and transport at  the 

WIPP site a n d  its surroundings. 

I?iTEMTs efforts resulted in a single-layer model of the Culebra 

dolomite with an area of 12.24 x 11.7 km. SWIFT 11, a three- 

dimensional f ini t e-dif rerence . code ui th variable f l u i d  density and 

double-porosity formulation, was used in the study. The model was  

calibrated to the  best estimate of the undisturbed freshwater heads 
(Figure 1 .3) and the  best estimate of the present-day ronnat ion-water 

densities (Figure 1.4); 

me hydrogeology in the Culebra dolomite was modeled in two steps:  

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

hydcaui c condi t ions, and (2  t Pansient modeling of the hydrogeologic 
conditions resulting frm excavating three shafts at the center of the 



WIPP s i t e  and conducting several hydraulic tests. The study developed 
a Culebra ground-water flow model usiig the  data base available as of 
approximately mid-l986., Tne transrnissivities of the calibrated 

steady-state model, the model-calculated freshwater heads, the 

difference plot between calculated and observed freshwater heads, the 

model-calculated f omat ion-water densities , and the  difference plot 
between calculated and observed formation-water densit ies  are shown in 

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

simulations provided good comparisons between model-calculated and 

observed freshwater-head histories using the transmissivity 

'distribution for the cal ibrated  steady-state model. 

Haug et  a1 . C I 987 ) developed the following main conclusions : 

( 1  1 The steady-state model can be calibrated aminst the best 

estimate of the  undisturbed heads. 

(2) me hydraulic system (heads and flow directions) in the  Culebra 

dolomite can be simulated as at steady-state considering a time 

period of several years. 

( 3) The calibrated transmissivity di s t r ibut ion  is characterized by a 

large area of low transmissivities (less than 1 V6 m2/s) near 

the center of the site (including wells H - 1 ,  H-2, WIPP-12, 

WI PP-18, WIPP-t 9, WIPP-21, and WIPP-22, P-18, and H-5 and the 

HIPP-shaf t areal . 

(43 Calibration of the.model requires a higher transmissivity zone 

South of H-1I/DOE-1. 

C 5) The calibrated mod61 shows two main flow paths: 

(a) from north t o  south along the western boundary, and 

(b) across the  WIPP s i t e  t o  the  south-southeast 
(WIPP-13 to H-1 to H - 3  to DOE-1 to M-l 1 to south) 



( 5)  Calibration of the steady-slate model against the best estimate 

of the ground-water densities is difficult.' Regions of low 

salinity (1.0 to 1(02 g/m3) exist hydraulically down-gradient 

from pegions of intermediate salinity (1.04 i3/cm3). The ground- 

water density distribution in the ~ulebra  dolomite is probably 

not a t  steady 'state at  present. 

(7) The model-calculated ground-water density distribution is highly 

sensitive to vertical flux into the Culebra. 

(8) me shaft excavations and subsequent leakage of ground water 

into the shafts caused significant hydraulic &tress on ' the 

Culebra dolomite sf nee 1 981 . 

(9) The transient simulations for hydraulic stresses at  the shafts 

and the H-2, H-3, and H-4 hydropads resulted in generally good 

agreement between model-ca2culat ed and observed f reshwat er-head 

histories.  

( 1  0) A t  the model scale, t h e  implemented transient processes can be 

adequately simulated using a single-porosi ty approach 

(equivalent porous rnedi um) . 

1.2.3 Othec Recent Modeling Studies 

Niou and Pietz 11 987) presented a modeling s tudy  of the H-3 nultipad 

pumping test using a two-dimensional ground-water inverse code known 

as'INVERT. The model uses a maximum-likelihood framework coupled with 

a flow model based on f islite-element techniques to calculate t h e  

f'ormation parameters Itransmissivfty and stocativity) fran the 

observed transient responses in the observation wells. The objectives 

of their  investigation were. (Nfou and Pietz, 1987): 



! 

I 

I Characterize the Culebca dolomite to  the extent the data pemf t . . 

by assigning regional1 zed values of transmi s s i v i  ty and 

s tora t iv l ty  along with associated wcertainties; 
I 

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

purpose of corroboration; and 

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

The model parameters were defined as constant over various subregions 

with best estimates'  determined as those that yield the best match 

&tween observed and calculated drawdowns during the H-3 multipad 

pumping test. The model ut i l ized the transmissivity data base 

presented in Barr et! a1. (1983) to define the zoning patterns. The 

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

The principal findings of th i s  study may be s~munarized as follows 

(Niou and Pietz, 1987): 

( 1 ) The resu l t s  &on a high- transmissivi ty zone or ,f raeture zone 

running from H-3 t o  DOE-1 and H-1 1 , another high-transmissivity 

or fracture zone running south fm H-3 to P-17, which may be an 

extension of .the DOE-l/H-11 zone, and a zone of high 

transmisaivity around the shafts that includes WIPP-21 t o  the 

north. The assignment of the  latter zone is less certain 
because of the atypical recovery curves for WIPP-21 and WIPP-22. 

(2)  The transmissivi ty ranges calculated. by INVERT generally agree 

w i t h  the  modeling study by Haug e t  a l .  (1987) using SWIFT 11, 

w i t h  the exception of the area between H-3 and the Waste 
Handling Shaft, where INVERT postulated a high-trmsmissivity 

zone on the basis of t h e  responses at WIPP-21 and WIPP-22. 

(3) Major diPf  iculties in the utility of t h e  inverse model were the 

lack of reliable estimates of the uncertaint ies in the pr ior  

H0 9700R554 1 - 9  
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determinations (e.g., transmissivi ties) and the inability to 
0 

, '- assign uncektaint ies to the observed wat er-level data because of 
the complex prepurnpirig trends, 

Davies (19881 is preparing a report that w i l l  include modeling results 

for a region t h a t  is approximately 36 x 46 km around the WIPP site. 

The topics included are a driving-force analysis to evaluate t h e  

importance of' variable fluid densities on flaw directions and 

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

performed to determine the sensitivity of the calculated steady-state 

heads to the model boundary conditions, model dispersivity, steady- 

state variable density assumptions, and vertical flux. For t he  

&ntral pact of his modeled tegion, he utilized an approximation of 

the calibrated. transmissivity distribution presented in Haug e t  al. 

(19873. The conclusions of the modeling investigatiorls are: 

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

region with significant density-related effects on flow 

direction 1s present just sou th  of the WIPP-site boundary. 

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

(33 Flow velocities are high in Nash Draw, are very low east  of 

WIPP, and are highly variable in the intemdiate  zone. 

(4) Vertical f lux  is a possible source of f l u i d  f o r  the  Culebra. 

The sensitivity of the calculated steady-state heads to v e r t i c a l  

flux is higher'in the eastern part of the model area than i n  the 

western. 



1.3 Present Approach t o  Modeling of Ground-Water Flow in the  Culebra 
Dolomite 

The modeling s t u d i e s  presented i n  t h i s  report are a continuation of the 

work reported in Haug e t  dl. 11987). However, t h e  model area has been 

considerably enlarged in order to allow simulat f on of ground-water flaw 

on a more regional scale and t o  evaluate the  long-term pumping test at  

WfPP-13 (referred to as the northern multipad pumping test). 

The enlarged model area' is i l lus t ra ted  i n  Figure 1.2. me model 

boundaries were chosen at distances sufficiently far fr'm' both the  H-3 
hydropad and the WIPP-13 borehole so as not t o  be within the region 

affected by the pumping at both locations. 

The modeling methodology consisted of the  following steps: 

! 

( 1 ) developing and documenting the hydrogeologic data base { i. e., 

Culebra thicknesses, elevations, transmissivities, storativities, 

equivalent freshwater heads, fluid densities , and hydrologic 

.impacts of the  shafts and hydraulic-testf ng activities) ; 

( 2 )  employing geostatistieal t x h n i q u e s  (e.g., kriging) to analyze and 

reconcile the f i e ld  data as well as t o  support the implementation 

and calibration of' the model; 

' ( 3 )  simulating steady-state flow under undisturbed hydrologic condi - 
tions (i,e., before excavation of the f irst  shaf t ) .  Starting with 

the initiai parameter distr ibut ion obtained by kriging techniques, 

the model is calibrated such t h a t  t he  difference between the 

calculated f reshwate6 heads and the b e s t  estimate of the observed 

freshwater heads is less than the uncertainty associated with the 

observed values; and 



( 4 1  simulating the'transient response in the Culebra dolomite, during 

the period 1 981 t o  1987, r e s u l t i n g  from the  excavation and sealing 

activitf es of .the WIPP shafts and the majar hydraulic and tracer- 
testing activities of the regional hydrolosic characterization 

program.. The transient model utilizes the pressures and brine 
concentrations of the calibrated steady-state model as initial 

conditions. The calculated t rami ent freshwater heads are 

compared Lo the observed transient freshwater heads for selected 

boreholes . 

This study is a second interim step towards a cbmprehensive modeling 

study characterizing the  regional hydrogeology of the Cuebra dolmi te 

of the Rustler Formation at  the  WIPP site. The next s t e p  will incor- 
porate the  results of the  transient effects due t o  the pumping during a 
tracer test at the H-11 hydpopad and the transient effects due t o  the 

construction of the  fourth shaft a t  t he  WIPP site. Improvement of the 

agreement be tween t h e  observed and the calculated t sansient freshwater 

heads by additional calibration efforts is also planned. In a d d i t i o n ,  

ad joint-semi tivf t y  techniques w i l l  provide quantitative estimates of 

sensitivities of the model results to the  s p a t i a l  distribution of the 

model parameters and the boundary conditions. The final report is 

planned to be issued in early 1989. 



2.0 SITE CHARACTERIZATION 

2.1 General 

The WIPP s i te  l ies wirthin the geologic region known as the Delaware 

Basin and specifically within  the gmgraphic region hown as 

LosMedaiios. B t h  the Delaware &sin and LosMedafiosregion occur 
within the southern section of the Pews River portion of' the Great 
Plains Fhysiowaphic Province. b s  Medafios is a region of gently 

s loping terrain which rises eastward frm the  Peeos River to the western 

caprock of the Llano Estacado, located approximately 40 km t o  the north- 
east of the WIPP site (~ercer ,  1983). 

Stratigraphy 

The following stratigraphic summary is limited t o  a discussion of those 

sedimentary units which crop out in and around t h e  WIPP site.  These 
formations range in age f m  Permian to Qwternary as shown in the 

geologic column illustrated in Figure 2.1 . The Delaware Mountain Group 
represents the Permian Guadalupian Series and is composed of a sequence 

of fine-grained clastic rocks. In the WIPP area, the Delaware Mountain 
Group consists of the Brushy Canyon, Cherry Canyon, and Bell Canyon 

Formations. The Bell Canyon consists of interbdded sandstone and s h a l e  

which cepresent t h e  fore-reef facies of' a massive Permian reef known as 

the  Capitan Limestone. The Ochoan Series rocks overlie the Guadalupian , 

Series and contain a thick evaporitic sequence which accumulated i n  the 

Delaware Basin during :permian time. The Cas t i l e  Formation is t h e  basal 

formation of the Ochoan Series and is composed pr inc ipa l ly  of anhydrite 

and halite with sane carbonates and sandstones. Overlying the Castile 

is khe Salado Formation, which is composed of t h i ck  beds of h a l i t e  

interkdded with anhydrite, polyhalite, dolomite, and clay. More 

mmplete descriptions of t h e  Salado Formation are found in Jones (1973, . 
1 975) . Overlying t h e  ' Salado Formation is the  Rustler Formation, which 

i s  t h e  most water-transmissive formation i n  t h e  area (~ercer,  1983). 



me Rustler Formation has been divided i n t o  f i ve  separate members based 
upon lithology (vine,  19631. They are i n  ascending order: ( 1 )  the 

unnamed lower member cumposed of massive siltstone overlain by beds of 

halite, siltstone, and anhydrite; (2) the Culebra Dolomite Member; ( 3 )  
the  Tamarisk Member composed of two zones of massive t o  bedded anhydrite 

separated by a thick sequence of halite and siltstones; (43  the Magenta 

Dolami te Member; and (5) the Forty-niner -Member compsed of two thick 
anhydrite zones separated by a s i l t y - h a l i t e  u n i t ,  as  i n  the Tamarisk. 

The Rustler Formation lithology presented above represents the 

lit hological succession encount @red i n  borehole P-18 which Snyder ( 1 985 ) 

. believes to be a complete unaltered section. The Rustler l i t h o l o g y  

varies across t h e  model area. Further discussion of t h i s  variability is 

contained i n  Section 2.4. The RmtLer Formation is conformably overlain 
by the Upper Permian Dewey Lake Red b d s ,  a series of interbedded silt- 

s tones and sandstones. These beds have prevalent vertical fractures 

which are generally gypsum f i l l e d .  

In the  eastern portion of' the WIPP site, the Dewey Lake Red b d s  are 
unconformably overlain by a Triassic clastic sequence deposited in a 

transitional depositional compleX of fluvial , deltaic,  and lacustrine 

envfroments. These u n i t s  are collectively referred t o  as the Dockum 

Group. 

Overlying the Dockurn Group, where present, and t h e  Dewey Lake Red Beds 

in t h e  WIPP site area is a sequence of poorly sorted continental 

deposits of Quarternary Age. These are, in ascending order, the GatuEa 
Formation, the Mescalero caliche, and recent alluvium and other 

surf icial d e p o s i t s .  The Gatufia Fbrmation consists of a sequence of pale 
redd i sh-brown t erres trial sands tones and conglmerat es which were l a i d  

down after a maximum cycle of erosion wi th in  the Pecos River Valley 

during a much more humid p l u v i a l  time (hchman, 1980). Izette and 

W i h x  (1 982) dated an ash bed i n  the upper portion of the Catcm"a as 

middle Pleistocene C 600,000 years before present ( B. P. ) by mineralogy 

and f i ssion- track dating. 
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Overlying the Gatufia Formation is the Mescalero caliche which is a 

pedogenic caliche formed , i n  the C horizon of a pileosoil during a 

tectoni call y and climatically stable period following the deposition of 

the GatLdia Formation (Bachman, 1980). The Mescalero caljche has been 

dated as being Pleistocene (510,000-410,000 years B.P .  1 through uranim- 

series disequilibrium techniques (Bachman, 1980). Overlying t h e  caliche 
is a series of Holocene s u r f i c i a l  deposits which consist of sheetlike 

deposits of surface sand, sand so i l ,  and sand dunes. 

2.3 Regional Hydrogeol ogy 

In this report, the  discussion of the regional hydrogeology w i l l  be 

limited t o  the Rustler Formation and the uppermmt Salado Formation. 

The hydso@ology of the i n d i v i d u a l  hydros t rat igraphic uni ts  wi ll be 

discusse'd in ascending order frun the Rus tler-Salado contact. 

The Rustler-Salad0 contact residuum is transmissive in sane areas around 

the WXPP site (Mercer, 1983).  In Nash Draw and areas immediately west 

of the WZPP site, the  contact exists as a dissolution residue capable of 

transmitting water. Robinson and Lang (1938) referred t o  t h i s  residuum 
making -up the aentact as the "brine aquiferff. As one moves eastward 

from Nash Draw toward the  Livingston Ridge surface, dissolution in t h e  

uppermost Salado, at the Rustler-Salado contact, and w l  t h i n  the  unnamed 

lower member of the Rustler Formation decreases and the  transrnissivity 

of t h i s  interval decreases. Transmissivi ties for the Rustler-=ado 
residuum range fran 2 x 10-'O to 9 x m2/s in Nash Draw and from 

8 2 3 x lo-' '  t o  5 x 10- m / s  eastward f m  Livingston Ridge (Mercer, 

1983). A t  well DOE-2, Beauheim (1 986) attempted a slug test on the 

unnamed member and the Rustler-Salado contact and found that  the 

permeability i n  this interval was too low to be tested effectively. In 
the waste-Randling shaft, no water .inflms f rm t h i s  interval. were 

observed during excavation and shaft mapping (Holt and Powers, 1984). 

A t  H-16, Beauheirn (1 987b) performed drill-stem tests of a 34-m interval 

e 
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contact, and reported the transmissivity of t h i s  interval to be about 

3 x 10-10 m2/s. 

The Culebra dolomite is considered t o  be t he  most transmissive 

hydrogeologic mi t in . the  WfPP-site m a .  Mercer ( 1983) describes 
ground-water flow within  t h e  Culebca as being southerly i n  Nash Draw and 
south to southwesterly beneath the Livingston Ridge surface. Reported 

values for transrnissivity i n  the Culebra i n  the  Nash Draw area range 
fran 2 x 1 0-Ii ta  1 x 10'3 m2/s (Mercer, 1983). Within t he  model area, 
the transmissivities range f ran 1 x 1 oug t o  1 x 1 0 3  rn2/s. Hydraulic 

gradients in the Culebra at the WIPP site generally range frm 
1 x 10-3 d m  t o  4 x 10-3 m/m (Mercer, 1983). As a general trend, totat 
dissolved solids in CuLebra ground waters increase f ran. west t o  e a t  

across the WIPP site and the model area. 

The Tamarisk Member OF the R u s l l e P  separates the Culebra dolomite frm 
the Magenta, and is composed of a thick seqhence of halite and silt- 

stones sandwickied between an upper and lower anhydrite. Tne Tamarisk 

claystone sequence has. been tested a t  wells W-14 and H-16 (Beauheirn, 
1987b) and a t  DOE-2 (Beauheim, 1986) In a l l  cases t h e  hydraulic 

testing failed due to the extremely low permeability of the unit. 

Mercer ( 1.983) reported t ha t  i n  a few cases argillaceous zones wi th in  the  

Tamarisk Mmber have produced water at equivalent rates to the Magenta 
upon testing. 

Ground Hater in the.Magenta dolomite $enerally'flows f rm the  north 

toward the westsouthwest (Mercer, 1983). In mst areas east of Nash 

D r a w ,  and east and south of the  R-6 hydropad, t h e  Magenta exists as a 

confined system with very low transrnissivity (less than or equal to 

4 x rn2/s). h e  difference between Mapnta and Culebra hydraulic 

potentials generally increases eastward, wi t h  the Magenta having hizher 

p0tent;ials. In areas of Nash Draw, t h e  Magenta is ger~erally at water- 

tab le conditions and may have a stronger hydraulic connection t o  other 



' u n i t s  in the Rustler :Formation. fn ather parts of Mash Draw, the 

Magenta is unsaturated. Magenta transmissivities range as high as 

4 . x  to 6 x m2/s immediately east of Nash Draw. 

The uppermost member of the Rustler Formation, the Forty-niner Member, 

ha3 claystones which are generally more transmissive than those in the 

Tamarisk Member. A t  well H-14, bauhelm ( 1  987b) performed drf 11-stem 

testa upon the  Forty-niner and determined that transmissivities were 

approximately an order fof  magnitude higher than in the Magenta at  H-14. 
The average value of transmissivity calculated for the Forty-niner was 

6 x 1 0-8 m2/s as opposed t o  6 x 1 m2/s for the Magenta. Eeauheim 

(7986) also tested the Forty-niner claystone in well WE-2. Here again 

he calculated slightly higher transmissivi ties f o r  the Forty-niner 
claystone than for  the  Magenta. ?he average of the two transmissivities 

of t h e  Forty-niner reported by Beauhelm (1986) for DOE-:! is 7.3 x 
2 m /3. Drill-stem tests of the Forty-niner claystone at  14-16 provided a 

transrnissivity estimate of about 6 x m2/s, lower than that of the 

Magenta at  H-2 6 ( Bauheim, 1 987b). 

Although the Rus tler-Salado residuum , the Culebra Doluni te Member, and 

the Magenta Dolomite Member are generally found t o  be the primary trans- 
missive units within  the  Rustler, zones of relatively high transmlssiv- 

. i t y  have been tested Locally in the Rustler Formation outside of these 

horizons. In a few cases, discrete argillaceous zones within the Forty- 

niner Member and the Tamarisk Member have produced water at equivalent  

rates t o  the Culebra ao the  Magenta upon t e s t i n g  (Mercer and Ocr, 1979; 

2.4 Regional Dissolution in the  Rustler Formation 

Post-depositional dissolution wi th in  the  Rustles Formation is observed 

both a t  the surface within Nash Draw, and in the  subsurface a t  the WIPP. 

s i t e  (Richman, 1987). Nash D P W ,  located immediately west of t he  WIPP 



site, is a depression resulting fran both d i s s o l u t i o n  and erosion. In  

Nash Draw, members of the Rustler are ac t ive ly  undergoing dissolution 

and locally contain caves, slnks, and tunnels t y p i c a l  of karst 
morphology in evaporitic terrane. Lowenstein (1987) found evidence for 

simif icant post-deposi tional , late-stage dissolution of the Rustler a t  

the WIPP site based on a detailed sedimentologic and petrologic core 

study. . 

Bachman 11980) identified three t ype s  ,of dissolution occurring in the 

Delaware Basin: local dissolution, regional dissolution, and deep- 

seated dissolution. Of' these, regional, dissolution is the type which 

has t h e  m o s t  potential to dictate or alter the flow characteristics of 
the Rustler Formation underlying the WIPP si te. Regional di ssolut i on 

occurs when chemically unsaturated water penetrates t o  permeable beds, 

where it migrates laterally, dissolving the soluble units i t  contacts, 

On a regional scale, the consequence of such dissolution appars t o  be 

removal of highly soluble rock types, such as halite, combined with 

displacement and fracturing of overlying rocks. 

Snyder ( 1 985) found evidence foe the presence of an eastward-migrating 

dissolution front within t h e  Rustler Formation at  the  WIPP site. In h i s  

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

greatest in the  west and decreased eastward evidenced by an increase in 
the  number and thickness of ha l i t e  beds and a corresponding thickening 

of the Rustler Formation (Figure 2.2). The stratigraphic level of the 

uppermost occurrence of salt is in the upper Rustler along the eastern 
margin of the WIPP site. As one moves westward toward Nash Draw, t h e  

uppernost salt is found in progressively deeper horizons of the iiustler. 

This implies that, as a general trend, the  eastward  advancement of the 

dissolution f r o n t  is greatest in the upper Rustler and decreases as one 
gets nearer ta the Rustler-Salado contact. As the ha l i t e  units w e  

dissolved,  insoluble residues remain, forming beds of muds tones, 

siltstones, and chaotic bseccia with a clay matrix. As can be seen in a 



cross section taken between wells P-6, H-3, DOE-1, and P-f 8, 

(Figure 2.3) , h a l i t e  beds tend t o  t h i n  and grade into residuum vestward 

towards Nash Draw. 

Although most Inves t iga to r s  agree with the interpretation t ha t  a 

dissolution zone exists i n  the  Rustler Formation at the WIPP site 

(Cooper and Glanman, f 971 ; Pcwers et a1 . , 1978; Mercer, 1 983 ; 

Chaturvedi and Rehfeldt ,  1984 ; Bachman, 1985 ; and Snyder, 1985), other 

investigators oppose t h i s  concept and be1 ieve that the  westward decrease 
of halite within the Rustler simply represents deposi t ional  limits 

(Powers and Holt, 1984; and Holt and Pcrwers, 198q). From detailed 

mapping of the  Rustler i n  the  waste-handling s h a f t ,  Halt and Powers 

(1984) reported no post-depositional dissolution features. Recently, 

Lowenstein (1 987) conducted a deta i l ed  core analysis on core fsom wells 

WE-2, WIPP-19, H-1 1 , and H-12. The aim of the study was to distinguish 

betwen syndeposi tional features and pos t-deposi t ional alteration 

f e a t u r e s  within the Rustler. menstein ( 1 987 1 could correlate 
structures, both s yndeposi t ional and post-deposi tional , over the study 

area and Concluded that facies changes were not responsible for the 

westward decrease in halite with in  the Rustler in the study area. 

Lmenste in  (1987) found evidence of late-stam al terat ion involving 

physical processes such hs brecci ation, slumping, fracturing , and 

f au l t i ng  , as well as chemical processes such as rehydrat  ion of anhydri t e  

to gypsum, precipitation of gypsum, and d i s so lu t ion  of ha l i t e ,  

anhydri te, and gypsum. Thus, t h e  study of Lcwenstein supports the 

theory of a post-deposi-tion& dissolution of s a l t  in the Rustler. 

Bsed upon observations of outcrops, core, and detailed shaft mapping , 
the  CLilebra can be characterized, a t  least loca l ly ,  as a fractured 

m e d i u m  at the WIPP s i te  (Chaturvedi and Rehfeldt, 1984; H o l t  and Powers, 

19841. As the amount of fracturing and development of secondary 

poros i ty  increases, the Culebra t ransmi ssivf ty generally increases 

(Chaturvedi and Channell, '1 985). The f cacturing and development of 



secondary porosity f s thought to be a product of late-stage alteration 

and dissolution of the Rustler Formation. In general, as the amount of 

the halite present in the Rustler decreases, the transmissivity of the 
dolomitic members increases a8 a result of halite removal and subsequent 
foundering and collapse of the more competent dolomitic members. 

While it is commonly accepted that regionah dissolution has been an 

active prmess within the Rustler in the pastt there is some controversy 

over whether this di,ssolution front is st i l l .act ive.  Within the last 

1.8 million years (Pleistocene), the climate in southeastern New Mexico 

has varied between periods ef cold, moist continental glaciation to 

relatively warm and arid periods { Bachman, 1 987 3 . In Middle Pleistocene 
time, approximately 500,000 years B. P. , southeastern New Mexico received 

precipitation which well exceeded the evapotranspiration. This period 

was followed by several hundPed thousand years of a drier climate. In 

late Pleistocene time (approximately 75,000 to 10,000 years B. P.) . . 
rainfall was more prevalent than today and temperatures were lower 
(Bachman, 1987). Bachman (1987) believes that most of the dissolution 

in the Rustler predates, or occurred during, Middle Pleistocene ( ~ a t u i a )  
time. .However, he suggests that dissolution is ongoing i n  Nash Draw and 

areas vesy close to Livingston Ridge. Through the interpretation of 

radiocarbon data (Ilunbert, 1987) anh stable isotopes (Lambert and 

Harvey, 19871, tambert has suggested tha t  recharge and subsequent 

dissolution of the Rustler ended after the more pluvial Late Pleistocene 

(10,000 to 20,000 years B.P.), 

2.5. 

Ground waters within the Rustler have been evaluated based upon stable 
isotopes, uranium isotopes, and radiocarbon ( Lambert and Harvey, 1 987 ; 

Chapman, 1 986 ; Lambert and Carter, 1 987 ; and Lambsrt , 1 987). mere has 
been debate over whether or not t h e  Rustler, more specifically here the 

Culebra, is presently receiving ' significant recharge from meteoric 



waters and if so, where t h e  waters recharge and discharge. ahis section 

will give a brief summary of the  four isotopic studies (cited above) in 
the mntext of their implications fop a regional model of the Clihebra 

dolmite. Tiis summary I s  not meant t o  be a critique and therefore does 

not address the inherent assumptions or validity sf these studies. 

18 Lambert and Harvey (1  987) used bD and 6 0 of waters from the Rustler 
and modern sources to determine i f  the Rustler ground water infiltrated 

under similar climatological conditions as are present today in 

Southeastern New Mexlbo. Figure 2.4 plots stable-isotope cornpasitions 
18 for the Culebra and modern waters i n  6D/d Q space C L a m k r t  and Harvey, 

1987). In t h i s  diagram one can see that the modern surface waters and 

the majority of Culebra ground waters fa l l  i n t o  two distinct and 

. separate groups which l i e  wi th in  the meteoric field as i t - i s  defined by 

Epstein et . ( 1  965; 1970) and Craig ( 1  961 1. The two ou t l i e r s ,  

Surprise Spring and WIPP-29, are thought to be contaminated frm nearby 

potash-refining operations. Lambert and Harvey (1987). concluded that, 
because modern surface waters and Culebra ground waters are distinct; and 

I 8 apparently not overlapping in dD/6 0 space, the  Rustler is not 

currently receiving sf gnif icant modern recharge. ?hey k l i e v e  that the  

Rust le r  hydraulic system is currently i n  a t r a n s i e n t  state with 

discharge exceeding recharge. 

Chapman 11986) i n t e r p r e t e d  slable-isotope data fm the Rustler, the 

R o s w e l l  Basin, Carlsbad Caverns, the Ogallala, the D m y  Lake Red &ds, 

the Santa Rosa Sandstone, and the Capitan Limestone. Chapman (1986) 

concluded tha t  waters i n  these f onat ions  i n  southedstern New Mexico 

were isotopically similar and t h a t  a l l  were r e p r e s e n t a t i v e  of recharge 

occurring under climatic conditions similar to those e x i s t i n g  today. 

Contrary t o  Lambert and Harvey 119871, the study concludes that  the 

Culebra does not contain "fossil water" and that the Culebra may be 

receiving present-day rechar&. Chapman also states that the hydraulics 

of the Rustler cannot be determined based upon the interpretation of 



stable isotopes alone and tMt many physical questions concerning 
physical hydrogeology of t h e  Rustler must be answered before the problem 

of recharge can be def endably solved. 

Lambert and Carter (1 987) studied uraniun- isotope systematics in ground 

waters from t h e  Rustler Formation i n  the  Northern Delaware &sin. They 

u t i l i z ed  uranium concentrations and 234~/238~ activity ratios to try t o  

determine residence times, lsoldt ion times , and travel times for waters 

within the Rustler aquifers: L;amkrt and Carter 11 9873 observed an 

increase in t o t a l  carbon From east t o  west and a decrease in a c t i v i t y  

ratio fm east t e  w e s t .  According to theory, high a c t i v i t y  ratios 
evolve downgradient from areas of recharge. Lambert and Carter ( 1  987) 

concluded that, in the last 30,000 years, the Culebra was not at steady- 

state conditions, nei ther  hydraulically or geochernically, and that there 

were t h e e  general flaw directions with in  the Culebra. Tne first flaw 

direction was eastward and represented a rechacg event from the  west at 

least 10,000 t o  30,000 years B.P. accounting for the  eastward increase 
in a c t i v i t y  ratio. The second flow direct ion was westward a f t e r  t h e  

cessation of recharge and acmunts for the present total-uranium 
systematics. The third flow direction is the present southward trend 
which is assumed t o  b? recent and of short enouj$ duration to not have 
altered t he  uranium systematics. ' 

Lambert (1987) also s tud ied  the feasibility of the use of I4c and other 

nuclides for their potential in geochronologic applications for  ground 

waters i n  the  Rustler  Formation in southeastern Nw Mexico. Frcm the 

samples taken, no 36~1 o r  significant concentrations of 3~ were 

measured. I.Ie determined that the majori ty of the samples taken were 
contaminated with respect to I4c by mul t ip l e  sources ( e . g . ,  d r i l l i n g  

f l u i d ) .  For the wells which appeared to be least contaminated, percent 
modern carbon and 613c were used with the mdel of Evans et a l .  (1 979) 
to calculate 4~ ages. ?he results were 16,100 years B. P. for  H-4b, 

12,100 years B. P. fo r  H-6c, 1 4,900 years 0. P .  "for H-9b, and 1 4,000 years 



B. P. for Pocket Well. &cause the conditions necessary for reliable age 

dating may not be satisfied for the  available water samples, Lambert 

(1987) proposes to interpret these ages as m i n i m u m  isolation times and 
considers t h i s  fur ther  evidence tha t  the  Rustler is not currently 

receiving significant; recharge at the WIPP site. 



3.0 MODEL CONCEPTUALIZATION 

3.1 General Approach 

For more than ten years, numerous f i e ld  investigations at  the WIPP s i te  

have focused on the Rustler Formation in general and t h e  Culebra 

Dolomite Member i n  pa r t i cu la r .  me exist ing data for the Culebra 
include measurements of transmissivi t i e s ,  s torat ivi  ties, formation-f luid 

densltles', depths to water, and pressures fm the observation-well 

network. Construction activities at t h e  WIPP site, such as the 

excavation of the  shafts at  the center of the s i t e ,  have also provided 

hydrogeologi c data. The majority of the hydrogeologic data are 

published i n  the  following report series: 

1 3  basic data reports (borehole-specific reports, e.g., Sandfa 

National. Labratories and Univers i ty  of New Mexico, 1981 1; 
2 )  hydsologic data reports (Hydro Geo Chm, 1985 ; XNaERA and Hydro 

Geo Chem, 1985 ; INTERA, 1 986 ; Saulnier et  al., 1 987 ; Stensrud e t  

61., 1987 and 1988); 

3) hydrogeologic interpretive reports Ce .g . , Mercer, 1983 ; Beauheirn, 

1986, f987a,b,c; Sau ln i e r ,  1987); and 

4) water-qua1 i t y  data and geochemical i n t e r p r e t i v e  reports (e .g., 

Mercer, 1983; Uhland et al., 1987; Robinson, 1987). . 

The data base used For t h i s  modeling study and a complete listing of 

data sources are presented in Appendices A through G. The appendices 

include separate data bases fo r  transmissivity, s t o r a t i v i t y ,  formation- 

f l y i d  densi ty ,  borehole locations, ground-surface and Culebra 

elevations, and freshwater heads. Each appendix has undergone 

significant i n t e r n a l  review and is considered to represent the m o s t  

current information adout the  s i te .  



The data b s e  was used i n  conjunction with geostatisticah methods to 
e 

assign ' the ini ti& hydrogeologic parameters to each grid block in the  

' model. mse methods were also applied to the  undisturkd freshwater 
heads to obtain the  i n i t i a l  boundary conditions for the  model. 

Calibration procedures also ut i l i zed  geostatistical methods to update 
the spatial distribution of hydrogeologic parameters in order t o  reduce 

the diff'erence between calculated and observed heads. 

~ h &  following sections begin with a brief -description of the cmputer 

code (SWIFT I f )  used in t h i s  modeling study. More detailed discussions 

of the data evaluation and analysis follow. A descr ipt ion  of the basic 

model. properties (e.g., boundaries, discretization, physical parameters, 

boundary condi tiom ,- ete . I  is also included. 

3 .2  SWIFT I1 Code Description 

The - Sandia - Waste-Isolation - - FLm and Transport code, SWIFT II, is a f u l l y  - 
transient , three-dimensional, f i n i  t e-dif f erence code which solves the 

coupled equations for flaw and transport i n  geologic media. The 

processes considered are: 

- f l u i d  fLm 
- heat transport 

dominant-species miscible displacement 
- trace-speci es miscible displacement 

Danlnant-swcies miscible displacement refers t o  brine migration. 

whereas t race-speci es miscible dlsplacernent a p p l i e s  t o  t h e  transport of 

solutes at concentrations not simificantly affecting the f l u i d - f l w  

parameters. This may include radionuclide-chain transport. The first 

three processes are coupled via porosity, fluid dens i ty ,  v i s c o s i t y  and 

enthalpy. Together they provide the velocity f i e l d  on which the four th  

process depends. 

e 
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The SMFT 11 code is designed t o  simulate flow and transport prooesses 
in both single- and double-porosity media. For fractured regions of a 

system t o  which dm1 porosity is to be applied, two sets of equations 
are solved, one f o r  t h e  fracture processes and the other tor  the 

mat rf x. The f racture-porosi ty equations descsi bing flotr and transport 
for the fractured regions are identical to the single-porosity equations 

for the nonfractured zone:, except for sink terms giving the  losses t o  

the  matrix. These equations are denoted as global equations. The 

equations describing the matrix processes, referred t o  as the local 

equations, differ  sanewhat frm their global counterpar ts  because they 
are one-dimensional. 

I 
I 

%IT XI provides a steady-state solution for fluid f lm and brine 

migration. Because the matrix processes are assumed to be negligible at 
steady state,  the  state equations f o r  the matrix porosity are not 
solved . 

A t  high-level nuclear-waste repositories, heat transport is basically a 

transient process. Therefore, SWIFT I1 does not feature a steady-state 

solution for heat transport. Hmever, the code w i l l  permit the 

transient solution of radionucl ide transport; (with or without dual 

porosity) in conjunction with the  steady-state solution of fluid flow 

and brine migration. Although the model was originally developed for 

applications related to radionuclide transport, the algorithms used can 

handle the transport of any trace species undergoing sorption or f i r s t -  
order losses. 

A comprehensive description of the theory and implementation of SWIFT I1 

is presented in Reeves et al. (3986aE. Two o the r  documents related t o  
the SWIFT I1 code have k e n  published, namely a data i npu t  guide 

(Reeves et  a1 . , 1 986b1, and the verif ication-validation tests 

(ward e t  al., 1984). The steady- state and transient simulations 

presented i n  this study w i l l  employ the steady-state and transient flow 

e 
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equations with variable f l u i d  densi ty .  Brine transport will not be 

calculated dur ing  the steady-state or  transient simulat ions because the 

fluid d e n s i t i e s  w i l l  be filted over space. The rtime constantt' to 
achieve steady-state condi tions f o r  f l u i d  d e m i  t ies  i n  the WIPP area is 
ansidered longer (several .1,000 years) than t h e  time constant for flow 

(several years). Therefore, fixing t h e  f l u i d  densities will main ta in  

t h e  densities observed today and incorporate t h q d e n s i t y . e f f e c t s  i n  the 

calculation of formation pressures and flow directions. 

The double-porosity equations contained i n  SWIFT I1 w i l l  not be used in 

the  steady-state or transient runs. Haug et al. ( 1  987) demonstrated 

tha t  double-porosity effects were negligible on t h e  scale of the model. 

3.3 Model Description 

3.3.1 Mdel Area 

The model-area used in t h i s  study 1s shown in Figure 3.1. It 

encanpasses an area extending 24  krn in the east-west and 25 krn i n  t h e  

north-south di-rections. The locations of the boundaries of the model. 

were chosen to maximize the a b i l i t y  to detennine appropriate boundary 

conditions and minimize the effect the boundaries may have on the 

-transi.ent; modeling results fo r  t h e  .H-3 and WIPP-13 mult ipd pumping 

tests., The. western. boundary 1 ies wi thin Nash Draw, which is  assumed 
to be a major conduit for ground-water flow toward t h e  south. The 

other boundaries of the model do not coincide with physical hydrologic 

boundaries. However, the uncertainty of the boundary conditions is 

minimized b y .  utilizing hydrologic information frm far-field wells 

I@.g., H-m, H-lob, H-12, WIPP-26, WIPP-27, WIPP-28, a d  USGS-? ) .  

. , 

3.3.2 Model-Grid Description 

The f i n i t e -d i f f e r ence  g r i d  used i n  t h i s  modeling s tudy  (Figure 3 .2 )  



was sekected to faci l i ta te  the successful reproduction of both steady- 

state and transient heads by reducing the numerical problems 

associated with coarse gridding. The horizontal dimensions of the 

grid are listed in Table 3.1 along with the URI coordinates of the 

corner p o i n t s  of the grid. me gr id  consists of 26 x 44 x 1 ( x  ,y,z) 

grid blocks and has a much finer grid occurring in the central portion 

of the model in the v i c in i t y  of H-3, the shafts, and WIPP-13. The 

general "rule of thumbw used i n  developing the grid included not 

increasing adjacent grid-block sizes by more than a factor of two. 
This is to provide adequate resolution and numerical stability for 
transient flow modeling. 

The vertical dimension of the f inite-difference grid Is taken f rm the 

thickness of the Culebra dolomite in t h e  WIPP area. Several reports 

have documented the Culebra thicknesses observed in the WIPP-area 

borehales I Jones, 1 978 ; Sandi a Laboratories and U. S. Geological. 

a r v e y ,  1979a,b,c,d,e,f. 1980a,b,c,d,e; Sandia National ~aboratories, 

1 982 ; Sandia National Laboratories and D ' Appoloni a Consulting 

mgi news , 1 982a, b , c , 1 983a, b , c ; Sandi a National Labrat or i es and 

U. S. Geological Swvey , 1980, 1981a, b ,  1982, t 9 8 3 ,  b ; m d i a  National 
Laboratories and University , of New Mexica , 1 981 ; Mercer et al . , 
1987). The resu l t ing  thf  chess d i s t r i b u t i o n  is illustrated in Figure 
3.3 and presented in dppendix B. A mean thickness of 7.7 rn is assumed 

to be adequate fo r  t h e  vertical model dimension in this study and is 

theref ore used for. each grid block. 

The elevation of the Culebra dolomite has been documented in t h e  

reports referenced above on the  WIPP-area boreholes. Appendix B 

contains the wound-surface elevations and t he  depths to the  

Culebra. Based on t h a t ,  the Culebra elevations at  the borehole 

locations in the WIPP area were calculated. The elevations of t h e  

center of t h e  ~u lebra  range f rm 704.6 m above mean sea Level lamsl) 

a t  H-10 t o  90.5 m ams~ a t  WIPP-26. 



b 

The Culebra-center elevations were estimated a t  each of the grid-block 
a 

centers using AKRIP IKaf rl tsas and Bras, 1 981 ) , the M I T  generalized 
kriging program (Figure 3 . 4 ) .  The kriged surface is consistent with 

the observed elevation data conta in ing  higher e l e v a t i o n s  i n  the 

western part of the model area and lwer elevations i n  t h e  east and . 
southeast. ~eneral ly ,  the Culebra d i p s  s l i g h t l y  to the southeast. 

Hcktever, the d i p  increases locally wi th in  sections of the model area 

(e.g.,  the  no r theas t  corner of, the model m a ) .  

3 . 4  myaical  Model Constants 

SWIFT I1 requires the specification of a nmber of f l u i d  and rock 

property constants that are used mainly i n  t r a n s i e n t  calculations. 

One of these parameters is the porosity of t h e  rock. Matrix-porosity 
data of t he  Culebca dolomite were obtained from laboratory analyses on 
cores taken from several boreholes I n  the WIPP area (Core 

Laborator ies ,  1 9863. The resulting pros1 ties range frm 7 to 30%. A 

value of 16% was chosen as representative for t h e  model, area.' 

Other parameter constants . tha t  require specification include f l u i d  

viscosity,  f l u i d  and rock cornpressibilities, f l u i d  thermal  expansion, 
f lu id  and rock heat capacities, freshwater dens i ty ,  and brine fluid 

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

constants in t h i s  modeling study and t h e  pertinent references from 

which these parameters were taken. A detailed justification for  the 
selection of these values i presented i n  mug eS al. (1  9873. 

However, note that since isothermal mnditions are assumed t o  e x i s t  i n  
the modeled region, the specification of sane of the above parameters 
( e . g . ,  thermal expansion and heat capacity) is a mere fo rmd i ty  as a 

model-input data requirement and has no impact on the  mdel results. 

0 
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3 . 5  Transmissivity of the Culebra Dolanite 

3.5.1 Data Base 

The transmissivity databbase for the Culebra dolomite (Appendix Cj is 

derived from numerous hydraulic tests performed a t  t h e  WIPP site. 
Values have been obtained fm drill-stem tests (DSTts), slug tesb, 

and Local and regional-scale pumping or interference t e s t s .  

Tsansrnissivity values interpreted fm these tests extend over a range 
of s i x  orders of magnitude. Rela t f  ve- frequency histograms were 

p lo t t ed  i n  order t o  i l lus t ra te  the  range of values determined for each 
type of test (Figure 3.5). These histogmms contain man values for a 

given test type at  a p&ticular borehole. For example, i f  a brehole 
had ten pumping-test and two slug-test values in the  data base, the  

pumping- tes t values are a ve r a e  d to de t em ine the mean pumping- t es t 

value for  t h a t  well, and the  two s lug- te s t  values are averaged to 
determine a mean slug-test value. 'ke resul t ing nmbers are then used 
in t he  respective histograms. 

The histograms illustrate a sage of six orders of mamitude for 

transmissivity values determined f rm pumping tests and a range of 

four orders of magnitude for those determined by regional interference 
tests .  In both cases, the geometric mean of the distribution occurs 
ktween 1 x m2/s (log transrnissivity of -5) and 1 x m 2 / s  
(Log transmissivity of -61. 

Transmi ssi v i  ty values determined f rm slug tests also range over 

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

between 1 x 1 0 ' ~  m2/s ( l o g  transmissivity of -6) and 1 x 1 o - ~  m2/s 
flog trmsmissivity of -71. The DST di s t r ibut ion  is very similar t o  

the slug-test distribution with the largest number of log 

transmissivity values fa l l ing  in the -6 to -7 log m 2 / s  interval. 
Thus, the mean log transmissivity values for  these two distr ibut ions  

a l i e  between -6 and -7 log m2/s. 



C, 

The large differences i n  the  above t ransmissivi t y  d i s t r i b u t i o n s  result 
a 

frun the heterogeneous nature of the  Culebra dolomite. This results 
in a wide range of possible transmissivity values present over the  

WIPP site. Tt?e area east of the WIPP site has, i n  general, lower 
permeabilities than regions west of the site. 

The larw differences in the transmissivity distributions also reflect 
the volume of rock stressed during a h y d r o ~ e l o g i c  test which is both 

test and site s.pecific. For example, while at  one location the 1 
permeability .may Facilitate different  types of tests, the volume of 

rock ac tua l l y  hydraulically stressed in one test ( e . g . ,  slug) could be 
much smaller than the volume of rock stressed in another test (e .g., 

pumping). This difference in volume stressed may result in inter- 

preted trmsmissivities that are representative of diff'erent spatial 
scales of the. Culebra around the borehole. Therefore, the 

t r ansmis s iv i ty  data base has been evaluated in an attempt to determine 

representative valves a t  a scale of tens of meters. 

Appendix C describes the rationale used t o  assign transrnissivfty 

values at each berehole in the modeling study, The resulting 

transmissivity distribution 8 s  illustrated i n  Figure 3.6 and l i s t e d  i n  
Table 3.3. The distribution has the  same general characteristics of 

I the slug-tas t, DST, and pumping- test distributions. large nunber 
of slug-test and DST values occurring between -6 and -7 108 2 1 s  
generates the values on the lmer end of the d i s t r i l x t i o n  and the 

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

regional interference values were not used in determining 

representative values at the boreholes, but were considered during 

model calibration. 

3.5.2 Uncertainty of the Tmsmissi v i t y  Data 

In .order - to evaluate the  uncertainty associated with the 

t ransmissivity data, the vaciances and the  standard deviations ( 0 )  of 0 
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the transmissivity values at the hydropads or well locations were 
calculated ( Appndix C ,  Table C. 2). As discussed In Appendix C, a 

2 minimum standard deviation o = 0.25 l og  m /s was assumed for pumping- 
test results. For the results of other hydraul ie- t&t;ing data such as 

DSTfs or slug tests; a standard deviation a = 0.5 log m2/s was 
considered t o  k appropriate. Most hydropads or wells, where 

sufficient data are available to calculate reliable standard 

deviations, have values similar or higher than the assumed minimum 

standard deviations (e .g . ,  at hydropads H-1, H-3, and H - 5 ) .  

If one assmes that the hydraulic tests- have tested a representative 

pock volme and that the measurement error is normally distributed, 

the standard deviations can be in te rp re ted  as uncertainty associated 
with the bransmissivity data. In such a case, the  mean 

transmissivity 5 2 0  correspond to a 95% coMidence interval. Thus, 

the assumed rninimm uncertainty of the pumping-test results is ha l f  an 
2 order of' magnitude (20 = 0.5 log m J s ) ,  and for the other hydraulic 

tests it i s one order of' magnitude (20 = 1 .0 log m2/s) . me empi r i  cal 

uncertainties f ran the hydropads , where re1 iable standard deviations 
could be calculated, generally f a l l  in ktween these two assumed 

2 values (e.g., at  hydropad H-3, 2 ~ . = 0 . 7 6 l o g r n / s ) .  These 

uncertainties were uSed as input  t o  the kriging code ~ 6 0 3  in the 

estimation of the t ransmissi vi t y d i s t r i bu t i on  of the model area 

{Section 3.5.3.1 ) . . 
, , 

3.5 .3  Estimation of Transrnissivi ty Over the Model Region 

Two geostatistical approaches were used in the  estimat;ion of the 

transrnissivi ty f i e l d  over the model region. This was  done i n  order t o  

determine the method which provided the more representative s p a t i a l  

distribution of the transmissivity values. Theore t ica l ly ,  both codes 

preserve the observed transmi ssi v i  ty data at the  WIPP-area 

boreholes. A m d i f i k d  version of the USGS universal kriging code, 



K603 ( Skrivan and K a r l  inger, 1 981 1, and the NIT generalized kriging 
cede, AKRIP (Kaf ri tsas and Bras, 1 981 , were the  two codes used in 

t h i s  exercise. Both have specific advanbaes and disadvantages . 
Universal  kriging requires the determinat ion of a semi-variogt-am which 
provides the user with postatistical papameters such as the  

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

data may also be incorporated into t h e  universal kriging results. 

Generalized kri ging does not require a semi-variogram in its 
mathematical formulation and theref ore does not provide t he  user with 

t h i s  iMormation. The coefficients and order of a polynomial 

expression, referred t o  as a general imd covariance function (GCF) , 
are determined and subsequently used in the estimation prdcedure. In 

addition, the uncertainty of the observed data cannot be acoounted for 

I'n the generalized kriging program AKRIP. The following two sections 
describe the application of both kriging codes and present the 

essential results. A comparison of the results is contained i n  the 

t h i r d  section. 

, 3.5.3.1 Estimation of Transrnissivl t y  F i e l d  Using t h e  Uni versa1 

Kriging Code K603 

The first step i n  estimating the t ransmiss ivi ty  f i e l d  us ing  K603 

consisted of calculating empi pica semi-variogams based on the 

available t ransmissivi t y  data (Table 3.3) . S c h  empirical semi- 

variograms describe the spatial correlation ktween the observed 
data. Figure 3 .7  shows a non-direct;ional as well as two dlrec- 

t ional semi-variograms. The difference between the  north-south 

and t h e  east-west directional semi-variograms indicates a strong 

trend in the east-nest direction. This is consistent with t h e  

fact that the transmissivities i n  the western past of the model 

area are generally higher than those in the eastern part {see also 
Section 2.4). 
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The second step of universal k i g i n g  is t o  determine the 
coefficients of a rflathematical expression which describes the 

trend over the model area. ?he t rend is then removed f m  the 

data which leaves the trend-corrected transmissivi ties as 

residuals. The removal of the trend fm the data is considered 

successful when the difference between the directional semi- 
variograms of the residuals is a minimum. A non-directional semi- 
variogram of the residuals can then be used as t h e  basis for the  

selection of the theoretical semi-varlogram tha t  is subsequently 

employed in the  kriging procedure. 

A detailed trend analysis using K603 confirmed t ha t  a l i n e a r  

east-west trend mderlies the  Culebra transmissivit y data (Table 

3.41. Higher order polynomials were 'investigated in the 

approximation of the east-west t rend,  but were insignificant 

wmpared t o  the 1 inear t rend.  Trend analyses were also conducted 

t o  determine if minor trends occurred in other directions; 

however, no other sighificant trend could be detected. merefore, 
only a linear east-west t rend was used for  the subsequent steps of 
t h e  kriging analysis (Table 3 . 4 ) .  

llx trend-corrected transmisslvities, referred to as residuals, 

were used in the non-directional and directional semi-variograms 
i n  F i ~ r e  3.8. The agreement between the  three curves 

demonstrates that  all significant components of t h e  regional trend 

underlying the  t ransmissivi ty data have been removed. ' Based on a 

visual examination of Figure 3.8, a range or correlation length of 
a b u t  3 km and a sill of a b u t  1 logm2/s should be used. There 

is no indicat ion of a nugget. 

A theoretical semi-variogram must ke fitted t o  the  non-directional 

semi-variogram ( ~ i g u r e  3.81 before the  estimation of 

0 
tsansmissivities can be prfomed. A spherical serni-variogrm was 
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selected as the  theoretical model t o  represent the trend-corrected 
transmissivi ties baied on the shape of the non-direct ional curve 

( Figure 3.8)  . Theoretical models ' that  are available include 

exponential, spherical, linear, and Gaussian (~krivan and 
Karlinger, 1980). Having selected the type of the theoretical 

semi-variogram, the range (a) and sill (w )  parameters were 
systematically varied' u n t i l  ' a  spherical semi-variogrm was 
determined tha t  w a s  statis t i c a l l y  consistent with the existing 

data base. A unique best-fit solution was found for the parameter 
canbination 'a  = 3.012 km and w - 0.9355 log m2/s (Table 3.4). 

, . 
These parameter values are close t o  the expected values (Sased on 

examination of Figure 3.8). The non-directional semi-variogram of 
. . 

the residuals and the s e l e c t e d  spherical semi-variogram are 
plotted ' tbgether in Figure 3.9. The two curves agree reasonably 

well. 

The major differences of the results determined i n  this semi- 

variogram' 'analysis to those reported in  the previous modeling 

study of Haug e t  aL. (1987) are: 

When the previous modeling study was conducted, t h e  available 

transmissivity data base was much smaller, i.e., data fran 

only 24 hydropads or well locat ions were available as compared 

t o  data f sm  38 locations in t h i s  study. In addition, sane of 

the previously existing data were consiherably less reliable. 

Because of the small data base, stat is t ically significant 
trends could not b e  i d e n t i f i e d ,  and therefore, trend-corrected 

transmissivities were not used in the previous study. 

2. The non-directional semi-variogram in the previous modeling 

study characterized the spat ial  correlation of the 

transrnissivity data excluding the existance of a trend. A 

larger correlation length (about 4 km) , a larger siil ( w  = 

2.05 log m2/s) and a n  exponential semi-variogram had to be 



used i n  order to characterize the previous transmissivity data 

base in a statistically consistent manner. 

3. The semi-variogram analysis of the present modeling study 

resulted in.the estimation of a linear east-west trend and the 

use of a spherical semi -variogram wi th a shorter corre1at;ion 
length (about 3 lan) and a smaller sill ( o = 0.9335 log rn2/s). 
In general terms, the  overall uncertainty of the transmis- 
s i v i t y  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 t ransmissivi ty data and the selected spherical semi-variogram 

(~abies 3 .3  and 3.4) were used t o  estimate the trmsrnissivity 
distribution within the model area. Figure 3. I0 shows a contour 

map generated us ing the logarithms of the estimated t ransmi ssivi- 

ties as well as a contour map of t he  associated estimation errors 

(expressed as single standard deviations). The log transrnissivity 

estimate is assumed to represent t he  arithmetic nean of a Gaussian 

distribution having a standard deviation equal to the estimation 

error. 

The kriged tsanSmissivi ty 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 frcm the transmissivity data points. Obvious aberrations 

fmm the regional  trend exist in the areas of increased 

transmissivities at  WIPP-25, H-6, and DOE-2 as well as in the area 

of high transmisslvities at DOE-1 and H-11 . Relatively low 

transmissivities are shown in the area of P-15, H-4, CB-1, and 



For the c a l c u l a t i o n  of the estimation error displayed in 

Figure 3.10, a zero uncertainty was assumed fos the  existing 

transmissivity data. This simplification results i n  estimation 

errors which are l i k e l y  too low. Nevertheless, they were 

calculated because they can be d i r e c t l y  compared t o  the estimation 

errors calculated by AKRIP which does not account for the 

uncertainties associated with the d a t a  C Section 3.5.3.2). . 

The contour maps shown in Figire 3.1 1 were generated subsequent to 

assigning uncertainties to the observed transmissiviti.es (Section 

3.5.2). The estimated transmissivity f i e l d  show no significant 

differences compared t o  that displayed in Figure 3.10. The 

d i s t r i b u t i o n  of t he  estimation error is characterized by low 

values i n  t h e  central part  of the model area and higher values 
along the eastern and westem model boundary. In  the Immediate 

neighborhood of the hydropads and wells, the estimation errors are 
generally 0.5 log d / s  o r  less. This corresponds to an 

uncertainty (i .e. , two standard deviations) of approximately +/- 

one order of magnitude on a l inear scale. In  large parts of the 
c e n t r a l  model area defined by the WIPP-site boundary, the 

es t ima t ion  error is between 0.5 and 0.75 log m2/s. 

3.5.3.2 Fstirnation of Trarbmissivity Field Using the  Generalized 

Kriging Code AKRIP 

The estimation of the transmissivity field using M I P  requised 

the det eminat ion of a theoretical generalized covariance function 
(GCF) consistent with the logarithms of the Culebra transrnissivity 

data. The GCF is the theoretical 9nodel1? used to estimate the 

transmissivities of' the model area. ' h e  coeff iciehts of the GCF 

are determined by an iterative procedure i n  which t h e  CCF is 

fitted to local ?tneighborhoodsn defined by subsets of the observed 

transmissivity data. In this study, a neighborhood is defined by 



the ten nearest observed data points surrounding a particular 
estimation point i n  the model area. As the  estimation point 

changes, the data points 'defining the neighborhood also changes. 
Because the transmissivi ty data within a given neighborhood may 

contain a local trend, changing the data defining a neighborhood 

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

number of observed peints defining a neighborhood increases, the  

scale of the trend also increases and the ability to adequately 
represent local trends in the data decreases. me neighborhood 
used to define a trend in the K603 code consists of a l l  of the 

obaerred data resulting in the  determination of a slngle regional . 

trend over the model region. The neighborhood used in AKRIP (ten 
points) is more repre9entative of the local trends present in the  

transmisslvities of the CuLebra dolomite. 

The zero-order GCF used in t h i s  study is listed in Equation (3.1 ) : 

where  KC^) is the generalized covariance and h is distance between 
the estimation point and an observed data point. A consistency 

check l a  normally performed on the theoretical CCF to ver i fy  t h a t  

it is statistically consistent with the input data. A GCF that is 

consistent with the input data should provide 4 reduced mean 
square error near 1.0 (see de Marsily , 19861 . The GCF l i s t ed  in 

Equation (3.1 ) gave a .reduced mean square error of 1 ,5 which is a 
. . 

l i t t l e  high. However, ' Equation (3.1 ) preserves the- input data at 

the observed paints better than other GCF models tha t  were 

investigated. 

The initial log transmissiv i ty  estimates arid the corresponding 

estimation errors calculated using the above GCF are shown in 

Figures 3.12a and 3.12b, respectively. 'Ihese f imres depict the 



higher transmissivity values in the western pact ( log 

transmissivity from -3.6 t o  -3.51 of t h e  model region and the 

lmer values (log trankissivit'y from -6.0 t o  -8.0) in the east. 

The lowest values of transmissivity occur along the eastern 

boundary and reflect the projection of the underlying local trends 

determined ' by AKRIP. The l o g  tsansmi s s i v i  t y values w i  thin the 

WIPP-sf t e  hundary vary f run -4. I at  H-6 to -7.0 a t  P-15. A local 

high occurs near the H-11 and DOE-1 boreholes. Here the  log 

transmissivity values are between -4.5 and -5.0. 73is area is 

considered to be a local high kcause of' the  surrounding lower log 

trmsmissivity values. 

'Fhe estimation errors (as defined by one standard deviation) 

within the model region are highest near the northeast boundary 

due t o  the lack of data in the area. Here the e r r o r s  have log 

values of 1.5. Within the central portion of t he  model area, the 

errors of t h e  estimate are between 0.5 and 0.75 log rn2/s. A 

three-dimensional representation of the  i n i t i a l  log transmi ssivity 

f i e l d  is presented in Flgure 3.13. The log t r a r l s r n i ~ s i v i t ~  f i e l d  

is presented in terms of negative log transmissivity or log 

hydraulic resistivity. Note the low-resistivi ty region t o  the  

west and the high resistivities i n  the east. The local 

high-transmissivity zone around H-11 appears as a small tfcraterlj 

of low resist ivit ies swrounded by the higher resistivities 
defined by P-15, P-17, and H-17. 

3.5 .3 .3  Comparison %tween the Results of Universal Kriging and 

the Results of Generalized Kriging 

A comparison ktween the results of the two different  Gostatis- 

t ical  methods, universal, kriging ( ~ i ~ u r e s  3.10 and 3.11) and 
generalized kriging ( Figure 3.12) , shows both in te res t ing  

slmilasi ties and diPrerences. 



a 
me transmissivities estimated by both methods are consistent  i n  , 

areas where f i e ld  data are available. Both methods show a 

regional. east-west trend as well as increased transmissivities in 
the  area of WIPP-25, H-6, and DOE-2. Also, the increased 

tmsrnissivities at DOE-1 and H-11 and t h e  relatively l o w  
transmissivities in the area of P-15, W-4, CB-I, and P-17 are 

shown on both contour maps. 

In areas further away from the data ~po in ts ,  the  differences 
between t h e  results are larger. In general, universal kriging 

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

re la t ive ly  simple, straight contour lines in the outer parts of 

the model area. This is because universal k r i g i n g  assumes a 

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

are present in the  contour map only within the  correlation length 

of about 3 lan of the hydropads and wells. In contrast, 
generalized kriging ( AKRIP) uses the local trend defined by t he  

ten closest data points when estimating the tcansmissivity at  a 

given location. As a result, the local trends in Figure 3.12 may 

have a different east-west canponent than t he  single trend surface 
i l lustrated in Figures 3.10 and 3.11. Hwever, the differences 

between the  ~ 6 0 3  and AKRIP results in most parts of t he  model area 

are less than 0.5 log m2/s. Ihus ,  t h e  differences ace not larger 

than the estimation errors calculated by either prugram. 

A comparison between the estimation errors obtained from the two 

geostatisticdl rhethods shows a similarity i n  the western and 

central part of the model area. Generally, the estimation errors 
provided by AKRf P (Figure 3.12) are 0.25 log m 2 / s  lower than the 

estimation errors calculated by K603 ( Fiwre 3.10). The lmer 

estimation errors originate from the GCF used in the  generalizd 

kriging procedure (Section 3.5.3.23 which has a higher  reduced 

e mean square error (RMSE of 1 . 5 )  t han  that determined for t h e  semi- 

variogram used in K603 IRMSE of 1.0). The RMSE value, defined as 
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the averaE ratio of the theoretical to the calculated variance, 
tends to be larger than 1.1) if the variance of ttle estimated 

values i a  lwer than the  variance of the observed values. 

Major differences between the estimation errors f rm the two 

kriging methods exist mainly in the  north-eastern corner of the 

model, area. No measured data exist in this area. K603 calculated 
estimation - errors in this area be tween 1 .00 i d  1 .25 log m2/s. 

The corresponding values calculated by AKRIP are as high as 1.75 
2 log m Js. The reason for t h i s  L a r g e  difference l ies  In the 

different methods by which the two codes incormrat e trends. 
K603 assumes that in such areas the regional trend is the bst 
estimate. Although . the code accounts to some extent for the  

uncertainty associated with the estimated trend,  the uncertainty 

is essen t ia l ly  governed by the sill of the  theoretical semi- 

variogram. In comparison, the generalized covariance function 
(GcF) used by AKRLP does not reach a maximum value like a sill at 

a given separation di s tance .  Therefore, the  estimation errors 

calculated in AKRIP may steadily increase with diStance away frcm 
the nearest data point. Thus, the different estimation errors in 
the north-eastern model area reveal one of the fundamental 
differences b e t w e e n  t h e  universal and the generalized kriging 

' approaches. 

In summary, K603 represents a f l e x i b l e  method allowing the user t o  

u t i l i z e  h i s  expertise and judgment; however, this may add a degree 

of s u b j e c t i v i t y  to the' results. AKRIP can be characterized as a 

"black-box methodn with  a restrictive under1 ying mathematical 

formulation which excludes the s u b j e c t i v i t y  of the user to a l a r ~  
degree. In principle ,  both codes can be used t o  estimate the 

ini t ia l  model transmissivi ties and the t ransrnissivi ty 

distributions used dur ing the model calibration. In areas 

without data, the results differ sanewhat because ~ 6 0 3  uses a 



single t rend surface and AKRIP uses several local trends defined 

by the nearest data boints. Since local trends are probably more 

consistent with t h e  observed data than one single trend over the 

entire model region, AKRIP was selected t o  estimate the i n i t i a l  
transmissivity field and the modified transmissivity distributions 

during the model calibration. 

3.6 Storativi  ty of the ~ u l b b r a  Dolmi t e  

3.6.1 Data kse 

The storativity data h s e  (Appendix 03 was evaluated t o  determine 
representative values a t  a scale of tens of meters. The rationale 
used in the evaluation is discussed in Appendix D. The fin& mlues 
assigned t o  brehole locations are listed in Table 3-3.  The total 
number of storativity values is much less than the  number of 
transrnissivity 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 loe4 and 1 x 1 o - ~  and a range that extends over 3 orders 

of mgni tude . 

3.6 .2  Correlation Between Storativity and Transmissivity 

Because the number of storat ivi ty values is much smaller than the 

number of transmissivity values, i t  is interesting to assess whether 

or not the two hydrogeologic parameters are statis tically 
correlated. If they are statistically correlated, the 

transmissivity distributions could lx used t o  infer additional 

storativity values. 

One widely used method t o  determine whether two parameters are 

correlated is linear-regression analysis (LRA) .  LRA uses a least- 
squares calculation to determine the best-fit l i n e  to two variables 

(one dependent and one independent) plotted in x-y (parameter 1 vs 

a parameter 2) format. The s l o p  and y-intercept of the best-f it 1 ine 
.. 





construction of a four th  shaft and pumping during a t racer  test at the 

H-1 1 hydropad, w i l l  u t i l ize  a spatial dist s ibu t ion  f o r  s t o r s t i v i  t y  
. . 

during model calibration and sensitivity analyses. 

3.7 Hydraulic Conditions in the  Culebra Dolomite 

3.7.1 Data Base 

Data f rm t he  observation-well network i n  the Culebra were evaluated 

i n  t h i s  study t o  characterize the hydraulic conditions in the Culebra. 
Appendix E presents the hydrographs plotted as equivalent freshwater 

head versus time. (The term "freshwater head1' is u t i l i z e d  i n  this 
report and is equivalent to the tern "freshwater elevation above mean 

sea leveltf because the head values are always related t o  mean sea 

level. It refess t o  the  elevation of a column of fresh water with a 

f l u i d  density of 1 &cm3 t ha t  would exert a pressure a t  the  elevation 

of the Culebra equal to the f omation pressure. ) 

The freshwater-head data are calculated from either depth-to-water or  
downhole-pressure-trmsduces measurements. The procedure used and the 

information necessary t o  calculate the freshwater heads is also 
presented in Appendix E. In addition to the  monltorlng.wel3s, 

transducers installed i n  t h e  lining of the three shafts at the WIPP 

site have monitored pressures at  t h e  Culebra-liner interface i n  the  

three shafts. From these hydrographs, estimates of the undisturbed 

hydraulic  conditions and the  transient responses due t o  shaft and 

site-characterization activities in the  Culebra dolomite were 
assessed. 

Ihe calculation of the  equivalent freshwater heads f ran depth-to-water 

and transducer measurements requires knowledge of the average 
borehole-fluid density. me estimation of the uncertainty in the 

borehole- f luid-dens i ty estimates and the corresponding uncertainty i n  

the equivalent f ceshwater heads are discussed in Appendix E. In 
IT 



addition to the fluid-density uncertainty, water-level variations 

exhibited in a well*a hydrograph may r e su l t  from long-term natural. 
head changes (trends) or, in sane cases, changes of unknown origin. 

Appendix E lists the  estimates of these individual uncertainties fo r  
each undisturbed f reshwater-head estimate and combines these for a 

total uncertainty a t  each well, which is qualitatively meant to 

correspond to one standard deviation of the freshwater head 

measurements. 

7'he term "observed freshwater headstt is used in this report to refer 

t o  equivalent freshwater heads that are detemined from the depth-to- 

water and t;ransducec meaurments . The term ncalculated f reshwat et.l 

headsn refers t o  heads calculated using SWIFT 11. 

3.7.2 Abridged Transient Data 

The hydrographs of equivalent freshwater head versus time are u t i l i z e d  

in the transient modeling activities. Because the data base is very 
large, t he  equivalent f reshwater-head data were abridged t o  make the 
hydrograph plots of observed and simulated freshwater heads eavier to 

read. The data were scanned on a seven-day in terval  to obtain the 

minimum, maximum, and mean values corresponding t o  that week. T i l l s  

technique preserves the complexity of the data and minimizes the 

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

uncertainty introduced by the uncertainty in t he  borehole-fluid 

density. To illustrate t h i s  uncertainty in graphical presentations, 

these uncertainties (tabulated in Appendix El, 'expressed in terms of 

meters of head, are added t o  the minimum and maximum observed 

freshwater heads. The t ransient-data hydrographs used for comparing 

observed and model-calculated freshwater heads plot the  mean observed 

head value f o r  each week with a vertical bar depicting the m i n i m u m  and 
maximum observed freshwater heads plus uncertainties. For the case of 
a single measured value during a particular week, this value i s  

plotted as the mean and a vertical bar depicting the uncertainties is 

added to it (see Section 5.1 t D  5.3). 



3-7 .3  Estimation of the  Undisturbed Hydrologic Conditions over the 
. . 

' Modeled Region 

The undisturbed freshwater heads are assumed to be representative of a 

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

Culebra into the WIPP shafts has occurred since the excavation of the 
first shaft C the construction and salt-handling shaft, 7/4/81 - 

1 0/23/81). his  leakage has caused drawdown responses a t  many of t he  

observations wells at t he  WIPP site. For t h i s  reason, undisturbed 

freshwater heads are best determined Pram data collected before mid 

1 981 . For wells in close proximity t a  the  shafts for which no water- 

level data were recorded before the  summer of 1981, undisturbed 
freshwater heads could not be estimated. 

The determination of 1 ong- term mean format i on  pressures ref erred to as 

undisturbed pressures involved evaluating the hydrographs for the 

WIPP-site boreholes (Appendix El. We assume t ha t  the undisturbed 

pressures represent the quasi-s teady-stat e pressure f l e l d  that was 
present before the excavation of the shafts. Table 3.5  summarips t he  

estimates of undisturbed freshwater head f o r  each of t h e  wells and 
also lists the  uncertainty associated with that value. 

The estimation of the  undisturbed pressures expressed in t e n s  of 
equivalent freshwater heads over the  model region was performed using 

the  AKRIP code with the observed undisturbed freshwater heads at the 

well locations. The estimated heads and the errors of the estimal ion 

are illustrated in Figures 3.14a and 3.14b. me freshwater heads 

reveal a predominantly southerly flow direction across the  WIPP site.  
The heads within the  southeastern portion of t h e  modeled area reflect 
an approximately western flow direction. 

Figure 3.14a d e p i c t s  low hydraulic gradients ( 1  x d m )  north and 

south of the WIPP site.  The low gradient north of the  WIPP site is 

defined by minor head differences between the WIPP-28, WIPP-27, 



WIPP-30, DOE-2, H-5, and H-6 boreholes. The low gradient south of the 

WIPP site is defined by the minor head differences between the H-11, 
H-17, P-17, h-4, CB-I, H-12, and H-7 boreholes. ~~draulic gradients 
are higher ( 4 x 1 0-3 m/m) in the 'north-central and central portions of 
the site. Tbese higher gtadients appear consistent w i t h  the lwer 
transmissivities within t h i s  region. ' ' However, the in i t ia l  

transrnissivity distribution with low tr&smissivities i n  the  area of 
- 4 ,  ' - 1 ,  P-17, and H-17 does not seem. t o  be consistent with t h e  

observed low gradients imediately south of the southern s i t e  

bodary.  t h i s  implies  that the estimated transmissivity field i n  
th i s  region does not adequately represent the actual t rmmissivi ties 

and w i l l .  have to be modified d&ing the calibration of t h e  model i n  

order to reproduce the observed heads. 

The estimation error$ (Figure 3.14b) are highest beyond the edges of 

the  areas definedl by observed data (i.e., west of WIPP-27 and east of 

WIPP-28, WIPP-30, and H-5) .  me errors only reflect one standard 
deviation of the kriged undisturbed f reshwater-head estimates and do 

not incorporate the' uncertainty in 'the observed-head data. However, 
estimates of the uncertainty of the observed heads will be used t o  
determine when the steady-stat e model is considered calibrated . That 

is, the difference between the  calculated and observed head$ at a 
given borehole will be canpared t o  the uncertainty (expressed as one 

standard deviation) of the  observed head. If t he  difference between 

the calculated and observed heads is iess than or equal t o  t h e  

uncertainty associated with the observed heah, then the  match a t  that  

given location will be considered adequate. In doing this, the amount 
of ' changes t o  the. in i t ia l  transmissivity field required t o  match 

observed heads having relatively high uncertainty w i l l  be reduced. A 

more detailed description of the approach used during calibration is 

discussed in Section 4.3.1 . 
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3.7.4 Hydraulic Stresses Since I981 

Since the summer of 1981, the  freshwater-head distribution i n  the 

Culebra dolomite has been influenced by drilling and excavating three 
shafts (was te-handl ing shaft , construct ion and sal t-handl ing shaf t  , 
and exhaust shaft) at the center of t h e  WIPP si te  (see ckonology and 

discussion of shaft- cons t met i on activities f n Appendix G 1. f n 

addition, several wells h v e  been dri l led or re-capleted i n  the  k d e l  

area and numerous well- testing acti ri ties, sane of wry long. durations 
(e.g., H-4 t racer  tes t ) ,  have been conducted since 1981 (Appendix El. 
~cisequent l~ ,  the hybrologic conditions at the  beginning of or during 

the H-3 and WIPP-t3 multipad pumping tests cannot be considered to be 
undisturbed. Haug et  al. (1987) i l lustrated the  large drawdown Gone 

mused by the different a c t i v i t i e s  a t  the MIPP site since 1981. The 

center of the drawdown cone coincides w i t h  the  location of the shafts .  

The diameter of the drawdown cone w a s  about 7 h and the depth was 

a b u t  33 m a t  the  shaft locat ion. . The drawdowns at wells H-1 and H-2 

reached maxima of 1 2r 2 m and 7.1 m, respectively ( b u g  e t  al., 1 987) . 
1 

The implementation of these disturbances at the WLPP si te ,  which are  

transient by their nature, was achieved using the wellbore submodel of 
SWIFT I1 (Reeves et a l . ,  1986a). This submodel allws injection or 
withdrawal of water. fr& the model at specified locations ( i .e . ,  at 

the well locations). Details of t he  implementation are discussed i n  
Chapter 5. Similarly,  the H-3 rnultipad ~ ~ ' W I P P - I ~  rnultipad pumping 

tests were implemented using the above-mentioned wellbore subnodel. 

This implementation is also discussed i n  detai l  i n  Chapter 5. 

3.7.5 In i t ia l  Boundary Conditions 

The Culebra dolomite along the eastern boundary of the model area is 

characterized by extremely low transmissivities and n e g l i g i b l e  flow. 

The eastern boundary was therefore considered to be reasonably 



represented as a no-flotr boundary. Prescribed-pressure boundaries 
with prescribed formation-water densf ties were a p p l i e d '  t o  the 
northern, southern, and western boundaries. Freshwater heads were 

estimated at; the outer edges af all. grid blocks along the  north, 
south, and western model boundaries using AKRIP with the  best 

estimates of the undisturbed frmhwater heads (Table 3.5) at 

observation wells. mesi grid-block-edge vaiues were then Lsed to 

calculate the  f oAa tion pressures at grid-block-center elavat ion$ 
along tk model boundaries. During the simulation, the prescribed 

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

Formation-Fluid Densities 

3.8.1 ~ a t a  Ease 
I 

The f ormation-fluid-density data base I Appendix F) was compiled and 

evaluated to determine the m o s t  recent and most reliable f luid-density 

information available for the  heb bra dolunfte. The pr inc ipa l  sources 

used in compiling the data base include ' (the reader is' referred to 
Appendix F for the  complete l i s t i n g  of data sources): 

1 ) hydrogeologic and hydrologic data reports (Mercer, 1 983 ; INTERA 

and Hydro Geo Chem, 1985 ; INTERA, 1986; Saulnier c t  al., 1987; 
Stensrud e t  al., 1987); 

2) geocherni stry reports, (Robinson, i 987 ; Uhland and Randall, 1 986 ; 
Uhland et  al., 19873; and 

31 unpublished INTERA and Hydro Geo Chem notes Erm P ie ld  logbooks. 

The Robinson ( 1  987) report provides a good analysis of t h e  fluid- 

density data available before 1987. She discusses the i n t e g r i t y  of 

previous formation-fluid samples and suggests which values can be 

considered' representative of the formation. Hmever; since 

publication of her report, new density data ha& been published in 



Uhland e t  al. 11 987). These authors present f luid-density data f rm 
the  HIP? water Qual i ty  Sampling Program being performed t o  expand the  

geochemical data base and to establish background values f o r  various 

geochemical constituents in Rustler ground waters. 

The present study has attempted t o  integrate the data contained in t h e  

above reports and f i e l d  notes t o  .deternine which formatien-f'luid- 

densi ty  values are most representative of in-sltu formation f l u i d s .  

Unfortunately, several WIPP-area boreholes have not had sufficient 

pumping to remove drilling f l u i d s  s t i l l  present i n  the formation 

around the boreholes. Thus, we have evaluated t h e  fluid-density data 

base and determined formatlon-fluid-density values we believe are most 
representative of in-situ ground waters (Table3.6). A detailed 

description of the methodology used in the evaluation of the represen- 

tativeness of the fluid-density values is discussed in Haug e t  al. 

(1 987).  

3.8.2 Estimation of Formation-Fluid Densities Over Modeled Region 

' he  fluid-density data deemed representative of t h e  Culebra were used 

t o  estimate t he  formation-fluid densities over the model region. The 

generalized kriging code, AKRIP, calculated the estimates of f Puid 

densities which were assigned to the model grid blocks. Densities 

ranging fran 1.00 to  1.06 @cm3 occur in a wide region extending fran 

boreholes ~ 1 ~ ~ ~ 2 8  to H-7b (Figure 3.15). Higher fluid densities were 

estimated east of' this region with values ranging f ran 1 -08 to 1 . I  6 
3 g/cm along the  eastern boundary. The area of the model with t h e  

highest uncertainty in f hid-dens  i ty values  occurs along the eastern 

boundary. Data in this area were estimated frm the west-east t r end  

i n  the  observed values. Fluid-density values in t he  ceritral region of 
the model area have lower uncertainties due t o  the larger number of 
boreholes located there. 



A t  t h i s  point, several remarks should be made regarding the use of the 

estimated f omation . d e n s i t i e s  . i n  the model. Geochemf cal evidence 

(Section 2.53 suggests that the chemical constituents with in  the 

Culebra dolamite may not be at  steady state with the present flow 

f i e ld .  'hrefore,, using the observed formation-fluid d e n s i t i e s  as a 
calibration parameter during .stead y-s t a t  e flow sirnula t i o n  would not be 

val id .  For this reason, t h e  formation-fluid densities estimated for 

each of the  grid blocks were held constant for all model simulations. 

This allwed inclusion of the 'observed density di s t r ibut ion  and t h e  

effects that variable densities haye on the present-day flow f i e l d  . 



4.0 SIMULATION OF FLOW UNDER lJNDISTl+lRBED . HmROLOGfc CONDITIOPJS 

The simulation of ground-water flow in the Culebra dolomite w a s  performed 

using t h e  following approach. I n i t i a l l y ,  the boundary conditions of the 
conceptual model and the system parameters (such as storativity, trans- 

missivity, and various. system constants, Table 3.3) were defined based on 

the documented data base.. Using these data, a simulation was performed to 

assess how well t h e  ini t ia l  estimates of t he  system parameters reproduced * 
the observed, undisturbed f reshtrat er heads. Subsequent changes to the 

ini t id estimates of the' boundary conditions and transmissivl ty Field were 

implemented as required to minimize the difference between the calculated 

and observed heads, The model was considered calibrated when the differ- 

ence between the calculated and observed freshwater heads w a s  less than 
the  uncertainty (as defined by one standard deviation) assigned to each 
observed freshwater head. %cause sme observed values are more uncertain 

than others, assigning one overall nthresholdw value ( i .e., one or two 

meters) within which t he  differences should lie d i d  not seem adequate. 

The results of the  ini t ia l  and f inal  ca l ib ra ted  simulations and a more 

detailed explanation o f  the t echn ica l  approach are presented in t h e  

following sections. 

Initial Conditions 

The system parameters which comprise the  components of the initial model 

condit ions have been previously described in Section 3. The conceptual 

model, described i n  Sections 1 and 3, is a two-dimensional steady-state 

flow system with variable f l u i d  densities and fo'mation elevations. The 

current f lu id-dens i ty  distribution is assumed to have been created by-a 

Plow system different frm the one existing today, with l i t t l e  

mdif ication as yet by, the current f lw system. Therefore, the fluid 

# 
As discussed in Sect ion 3.7.1 , trobserved freshwater headstf refer t o  
equivalent freshwater heads calculated f rm depth-to-water and 
transducer-pressure measurements. 



densities were simulated as spatially f ixed,  i.e., no transport of brine 
is calculated i n  the  steady-state model. Furthermore, no sources, 

- sinks, or vertical f l u x  are considered i n  t h i s  conceptual model for  the 

undisturbed hydrologic conditions. 

The i n i t i a l  model parameters are described i n  Sectiom 3.3 through 3.8. 
The i n i t i a l  transrnissirities assigned to each model g r i d  block are the 

genesdl ized kriged estimates obtained using the code AKRf P 

CSection3.5.3.2). The i n i t i a l  boundary conditions (Table 4.1) were 

estimated Prom the observed freshwater-head distribution and the kr iged  

density distribution (Sections 3.7.3 and 3.8.2). The transmissivities 

and the i n i t i a l  boundary conditions are the cal ibcation parameters used 

in the  simulations. However, because t he  boundary conditions are 
constrained by the  observed freshwater-head data, the transmissivlty 

distribution is t he  more important calibration parameter. 

4.2 Initial. Steady-Stat e Sirnulat ion 

After establishing the in i t ia l  boundary conditions and t h e  initial model 

parameters described above, the  i n i t i a l  simulation of steady-state flow 

i n  the Culebra was pe~fomed.  The results of t h i s  initial mm are sum- 

marized in Figures 4.1 and 4.2. Figure 4.1 i l lustrates the calculated 

freshwater heads derived frm t h e  calculated formation pressures and 

& 
assigned f l u i d  densities. The difference between the calculated and 

observed heads is shown in Figure 4.2. 

Figure 4.2 demonstrates  that  the calculated heads in the ini t ia l  

simulation do not reproduce the observed heads. The differences between 
the c a l c u l a t e d  and the observed heads have high negative values (more 

than -10 m3 in the  northdcentral part of the modeled region and 

relatively mall positive values in the southern par t  of t h e  modeled 

region (Table 4.2). The high negative values reflect the difference 

between t h e  low calculated values and the high observed values In the 



a northern region. The differences of -6.0 m and -3.2 rn at WIPP-27 and 
WIPP-28 , respectively , imply that the ' heads specified for northern 
boundary conditions are ' l ike ly  too lm. Hfgh 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 a t  

these wells are ' too high.. The highest positive difference occurs at 

H-1 l where the calculated head is 4.6 meters higher than the observed 
head. 1 

Changes to the initial t m s m i s s f v i t y  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, positive Read differences south of the WIPP site. Zhus, 

changes in the initial transmissivity f i e l d  are needed at : several 
locations in the modeled kegion. 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  

i n i t f a l  calculated heads and the obsewed heads has previously been 
described in fIaug e t  a1 , (1  987) , The technique employs npllot pointsw 

or additional tsansmissiuity data points which are added to the set of 

observed transmdssivity data and used to alter the transmissivities 
within the model region through r i g .  'Ibis approach greatly 

enhances one b ability to ad just the transmlssivity within areas of a 

model with the mini& amount of effort and is derived from a 

tmhnique discussed in de Marsily , ( 1 983) . In principle; universal 
kriging (~603) or generalized kriging (AKRIP) could be used for the 



model calibration. As discussed in Section 3.5.3.3, AKRIP was 
selected because of its capability to incorporate local trends in the 

observed transrnissivity data into the kr iged  transmissivity estimates. 

The locations and values of the  pilot points are determined by the 

head differences of the previous simulation. That is, after each 

simulation, new information on the response of the  model t o  changes in 

the transmissivity field is obtained. A t  tha t  time, the effect of the 

altered transmissivity f i e l d  i n  minimizing the head differences is 

evaluated. A criterion has .  been devised to determine whether or not 
1 arge-scale transmissivi t y features should be added to match the 

observed head values. If the difference between the calculated and 

observed .heads at; a given location is greater than twice the 

uncertainty of the  observed value ( i . e . , two s tandarb deviations ) , 
then introducing large-scale transmissivity features, such as 

increasing the transmissivity up or down gradient of a particular 

area, is considered justified. 

0 
Table 4.2 lists the differences between the initial calculated and 

observed freshwater heads and the values equivalent to the uncertainty 

(1 a) of the observed head for each borehole. The head differences in 

t he  northesn part of the modeled region are larger than twice the 

uncertainty of the observed heads. The large negative differences are 
due to a lack of sufficient ground-water f lux  frcm the northern 

boundary of the model. Therefore, assigning higher heads along t he  

northern boundary and higher transmissivities upgradient from the 
wells with large negative differences is justified. 

Once a sufficient number of transmissivity pilot points were added to 

seduce the head differences below 20 a t  each borehole, local-scale 

transmissivity features were used to reduce the head differences to 

below 1 a at each borehole. The model w a s  considewd calibrated when 

the head difference at each borehole was less than or equal to the 

uncertainty of the  observed head. 
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4.3.2 The Steady-State Calibrated Transmissivi ty Field  

The transmissivity f i e l d  that is considered to reproduce the  observed 
f reshwat er-head distribution adequately , hereafter ref erred t o  as the 

steady-state cdlibrated transmissivity field, is shown in Figures 4 .3  
and 4.4. l'he steady-state calibrated transmissivity f i e l d  tpntairrs 

the same bmad features as the ini t ia l  transmissivity field (Figure 

3.12al; namely, increasing transmissivity fm eaat t o  vest and 
locally high transmissivity mound H-11 and DOE-1. 

The calibration of the model generally proceeded f ram the northern 
pa r t  to the  southecn part of the model area. " However, t o  reduce the 
number of simulations during cal ibration, several changes were of ten 
implemented In one step. The f i r s t  s t e p  during calibration involved 

increasing t h e  heads along the northern boundary, increasing the 

hydraulic gradient along the western bomdary, and increasing the 

transmissivities i n  the  northern region of the model. These changes 

resulted in a higher vound-water flux entering the central part of 

t h e  model, which increased the heads in the  H-11 area because of the 

low transmisslvities south of H-1 1 . Therefore, the transmissivi ties 

in the southern part of the model were increased t o  tvdrainrr the 

add1 tional f l u x  entering the central part of t h e  model area. 

The individual changes to the in i t ia l  transmissivity f ie ld  are as 

rollows: 

1. Four p i l o t  p i n t s  w i t h  tranmissivi t y  values ranging f ran 2 x loe4 

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

and the WIPP-site boundary (Figure 4.3). "Ihese p i l o t  points  

incse-d the transmissivi t ies just west of wIPP-28 and WIPP-30 

which increased the ground-water flux t o  t he  north-central region 

of t h e  modeled area. In addition, five pilot points were added 

(between P-17 and H-17) south of. H-11 ~hich increased the  



transmissivities south Of H-11 by one order of magnitude t o  

approjtimately 6 x m2/s.  mese changes significantly reduced 
the differences between the calculated and observed heads at most 

of the  wells north of t h e  WIPP site. The head differences at H-1 , 
H-2, and H-3 were also reduced below the uncertainty of the 

observed values. However, negative differences were still present 

at P-l.4 1-4.1 m), WXPP-18 1-2.6 m),  and WfPP-25 (-6.2 in) and 

posit ive differences were still present (2 ka. 3 r n )  in the H-11, 
DOE-1 , and H-14 area. 

2. The second step during the calibration of the model was t o  reduce 

the negative head differences at WfPP-25 and P-14. This required 
an incre+e in the transmissivities in the northwestern area of 

the model to increase the ground-water flow -into the system. 
Pilot points were added to increase the transmissivities s l i g h t l y  

in t h i s  area to 6 x lom4 m2/s. In addition, a low-t~a'ansmlssivity 
region w a s  introduced south of WIPP-25 and north of P-14 to reduce 

the f l ux  leaving the WIPP-25 area (Figure 4.3) .  The transmissivi- 

ties in this low-transrnissiuity zone are a factor of 4 less than 
those in the i n i t i a l  kriged transmissivity field. The low trans- 

rnissivities caused a damming effect which increased the  heads a t  

WXPP-25, P-14, and WIPP-1.8 such t h a t  the differences between t h e  

calculated and observed heads were less than t he  uncertainties of 

the observed heads. However, because the calculated head a t  WIPP- 
26 w a s  already 1 m higher than the observed head, the 

transmissivities south of WLPP-26 were increased by a factor of 5 
t o  drain the additional flux of ground water that was expected 

based on the above changes in the v i c i n i t y  of WIPP-25 and P-14. 

3 .  The third step during calibration was to reduce the 2- to 3-m head 

differences at WE-1, H-11 , and H-14. The p i l o t  points in the 

area south of H-11 were adjitsted several times. The head 

differences were finally reduced below the uncertainties of the  

observed heads when the transmissivities south of - 1  were 

H09700R554 4 - 6  



increased to approximately 3 x m2/s. Figure 4 . 3  illustrates 
the area south of H-11 tha t  has the higher transmissivity values. 

2 The t ransmiss iv i ty  ' is depicted by a contour, of -4.5 log rn Js 

(3  ' x  rn2/s) occurring west of K.17 and east of P-17. This 
feature is less transmissive than the one p r o ~ ~ e d  in Haug e t  al. 

(1 987) . 

Figure 4 . 4  also ilrustrates the high-transmissivity feature between 

H-2 7 and F-17. In the i n i t i a l  krijgd transmissivity f i e l d ,  expressed 

in terms of negative log transmissivity (Figure 3.131, the  area 
between P-f; 7 and H-17 formed a highly resistive barrier south of 

H-11. This h i a l y  resistive barrier has now been reduced to allow 

c o m d  water to flow south from the area between H-11 and DOE-1. A 

more detailed discussion of t he  sensitivity of the calculated heads at  

H-11 , DOE-1, and H-14 t o  this high-transmissivity feature is presented 

i n  Section 4 .3 .4 .  

4.3.3 'Ihe Calibrated Steady-State Heads 

The calibrated steady-state heads were calculated usf ng t h e  boundary 

conditions listed i n  ~ a b i e  4.3 and the ca l ib ra ted  transmissivi ty f i e l d  

described i n  Section 4.3.2. Figure 4.5a shows the calibrated steady- 

s ta te  heads over the model region. ?he calculated head distribution 

is qui te  similar t o  the observed distribution (Figure 3.1k). The 

gradients in the calibrated head distribution agree with the gradients 

defined by the undisturbed heads, i.e., low gradients north and south  

of the WIPP-site bom&ry and an increased p a d i e n t  within the 

WIPF-site boundary. The largest f lux  of ground water enters the 

system along the northern model boundary west of WIQP-28 and flows 

predominantly south toward WIPP-25 (Figure 4.5b)  Flow in the northern 
part of the WIPP si te  is  generally from nor th  t o  south. A large 

portion of the ground water w i t h i n  the  WIPP-site boundaries enters the 

hi@- transmissivity zone south of H-1 I and exi ts  the modeled region 
from the central  part of :the southern bomdary east of H-7. 



The ' ~ a r c y  velocities of the caL ibrated steady-state model were 

calculated by SWIFT 11 using the  trmsmissivity distribution 

I Figure 4.31 , the steady-state pressure f i e l d  . (Note: the calibrated 

equivalent  r resbater  head d i s t r i b u t i o n  (Figure 4.5) is determined 

from calculated pressures a t  formation depth), the prescribed fluid- 

density d i s t r i b u t i o n  (Figure 3.1 5) , and the center-of-Culebra 

elevations (Figure 3.4) . The Darcy velocities are defined as the 

+specific discharge per u n i t  cross-sectional area normal' t o  the 

direction of the f2m. In a prous medium, estimates of t h e  mean 

pore-water velocity are calculated as the Darcy velocity divided by 

the effective porosity. Hmever, a spatially-constant porosity 

assigned f o r  the entire model area is unrealistic. Therefore, only 

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

interpreted as indicators Tor the flow directions and the relative 
importance of the different flow paths. 

Within the  modeled region, t h e  Darcy-velocity vectors range in value 
over six orders of magnitude. The lowest velocities occur east of the  

WfPP si te ,  where the  magnitude of the velocity vectors is 

approximately * 1 x 10~'' m19 (Figure 4.5b). Tne highest v e l o c i t i e s  

occur i n  the southern portion of Nash Draw along t he  western boundary 

of the model. where the velocities are between 1 x f X 

Ms. South of WTPP-I 2; toward the WIPP shafts, the Darcy-velocity 

magnitudes ace approximately 2.5 x t o  7.5 x 10-lo m/s. The 

velocities increase t o  ipprox&ately 2.5 x m/s in the high- 

transmissivity zone south of H-1 I .  The increase in velocity is lower 

than  expected from the '1 t o  2 orders of magnitude increase in , the  

transrnissivities because the gradient wi th in  the  area south of H-1 1 is 
much lower than t ha t  t o  the north a t  the WIPP-site center. .  The 

velocity vectors i n  the vicinity of DOE-2 and in t h e  northeast 
quadrant of t h e  model area are misleading because of t h e  Culebra 

e l e v a t i o n  changes that occur in these areas. Section 4.3.6 discusses 

-the velocities in these areas in detail. 



1 

The head differences ('the calculated heads minus the observed heads) 

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

The 

uncertainties of the observed heads and the head differences are 

listed on Table 4.4. A l l  the  head differences are less than the 

uncertainties of the observed heads except a t  H-7. 

The differences between the  calculated and observed heads at boreholes 

' in the  vicinity of H-1 1 are small and positive. The maximum positive 

head difference in t h i s  area occurs a t  H-1 1 , where the calculated head 

is I .  5 m higher than the  observed .head. The head differences at P-17 

and If-17 are -1.2 m and +0.9 m , respectively. This contrast between 

negative and positive values implies that the high-transmissivity zone 
extending southward from H-11 should probably be located further east 

of P-17 towards H-17 than i t  is i n  the calibrated transmissivity f i e l d  

presented in Figure 4 .3 .  However, the differences a t  both P-17 and 

H-17 are less than the uncertainties of the respective observed 

heads. The sensitivity of the calculated heads i n  t h i s  v i c in i t y  to 

the high- transrnissivf iy zone was investigated and is presented in 

detail in Section 4.3.4. 

Several small changes to the calibrated transmissivity field could be 

introduced in future modeling studies to  reduce the  head dift'erences 
1 isted in Table 4 . 3 .  For example, the head difference at  H-7 could be 
reduced by implementing higher transmissivities between Nash Draw and 
H-7. This would channel flow f ran Nash Draw toward H-7 and increase 
the calculated head. Adjusting the southern boundary conditions would 

also affect the heads i n  the H-7 area. This w a s  performed and is 

discussed in Section 4.3.5. In general, an increase in the specified 

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

and increases t h e  d i  f Perences between the calculated and observed 

heads a t  - 1 ,  DOE-I ,  and H-14. Theref ore, even higher 

transmissivities than are present in the calibrated model south of H- 
11 ( 5  x 10-5 m2/s) would be required in order to reproduce the 

observed heads at  these boreholes adequately. 



4 .3 .4  Sensitivity of the Calculated Heads t o  the High-Transmissivity 

Zone South of H-11 

During the drilling of H-17, a halite bed was  found i n  the  Tamarisk 

Member of the Rustler fotmation, an indicator that  the Culebra 

transmissivities near H-17 are low. A slug test in the Culebra 

suggested the transmissivity was approximately 2 x 10-7 m 2 / s ,  Beauheim 
(1987b). This value is obviously much less than the transmissivity 

proposed for the high-transmissivity zone (Figure 4 .3) .  However, the 

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

type of high-transmissivity feature exists that provides a conduit f o r  

flw f ron the H-1 1 area. 

During the calibration of the model i n  t h i s  study, the calculated 

heads w e r e  consistently too high in the  v i c i n i t y  of H-11. The 

assumption of no vertical ground-water flux from the Culebra 

necessitated a higher t ransmlssivity feature between P-17 and H-17 to 

reduce the differences between the calculated and observed heads at  H- 

11 and DOE-I. 

Two additional simulations were performed t o  demonstrate the need for  

a higher transrnissivity feature south of H - I f .  The f i rs t  Simulation, 

case 1 , used the calibrated model described in Section 4.3.3 without 

the pilot points used to generate the high-transmissivity zone. The 

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

intermediate-transmissivity zone south of H-11 in place of the high- 

transmissivity zone in the calibrated model. 

In case 1, only one pilot  po in t ,  located southwest of H-12, was 

included in the southern part of the model (Figure 4.7). In the 

f ni t ial  transmissivi ty field (Figure 3.12a) , the transmissivi ties 
between H-77 and P-17 were approximately 6 x lo'? m2/s (log transrnis- 
sivfty of -6.2) and in Figure 4.7, t h e  transmissivities in t h i s  area 

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

transmissivi ty  of -5.75) . 



The transmissivity d i s t r i b u t i o n  used in case 1 (Figure 4.7) is very 

similar to the calibrated transmissivity distribution (Figure 4.3) . 
Small changes occur because the p i lo t  p o i n t s  used to generate the  

high-transmissivity zone influenced the transmissivity estimates over 

the southern portion of the model region. 

The calculated heads for case 1 are illustrated in Figure 4.8. The 
. . 

calculated heads in the northern and western parts of the model, are 
very close t o  the observed heads (Figure 3.14a). However, the 

calculated heads in the area between H-15 and H-17 ire s i ~ i p i c a n t l y  

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

calculated gradients i n  this region of the model are not the same as 

those observed (Figure 3.14a). Figure 4.9 illustrates the head 

differences over the  model region f o r  case 1 . lhese differences are . 

also l isted in Table 4.5. The major differences between the observed 

heads and those calculated for case 1 occur in the southern part of 

t h e  WIPP site. The calculated heads range from t h e e  to f ive  meters 
higher than t h e  observed heads in the v i c i n i t y  of H-1 ( Table 4.4) t o  a 
maximum difference of 8.7 rn a t  H-11 . The Wad differences s o u t h  of H- 

11 rmge from 5.5 m at H-17 t o  1.1 m at H-12. The head differences 

determined in case 1 .imply that a change more dramatic than the 

three-fold increase in the transmissivity values between P-17 and H-17 

is necessary to reduce the calculated heads in this southern region of 
the model area. 

Case 2 was performed t o  determine the  effect of intemediate 
transmissivities ( 6  x loe6 $ / s )  south Of H-1 1 on the calculated 

heads. This value Is an order of maigitude greater than the in i t ia l  

transmissivities, a factor of three increase greater than the case 1 

values, and an order of magnitude less than the  calibrated 

transmissivity in t h i s  area. Figure 4.10 shows the transmissivity 

distritution used for  case 2. As in case 1,  the tmamissivities are 

very similar t o  the calibrated transmissivi ties except in the area 



south of H-11. The calculated heads fo r  t h i s  s imulat ion are 
illustrated i n  Figure 4.11. The calculated heads north and west of 

t h e  WIPP si te  'agree well with the observed heads (Figure 3.14a). 

Figure 4.12 shows tha t  as in case 1, the differences between the 

ca lcula ted  and observed heads increases s i g n i f i c a n t l y  be tween H-15 and 
H-1 1 . The magnitudes of the head differences (Table 4.6 ) are less 
than those calculated fo r  case 1, but the  3- to 5-meter differences in 
the vicinity of H-11 are still relatively high. Therefore, as 

expected, .even higher transmissivities than used in case 2 are 

required south of H-1 I t o  reduce the head differences a t  H-1 I , DOE-1 , 
and H-14. 

In smary,  two simulations, case 1 and case 2, were performed t o  

demonstrate the  need for the high-transmissivity zone between 8-17 and 

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

diff@rences between the calculated and observed heads at H-14, WE-1, 

and H-11. The ca l ib ra ted  transmissivities between P-17 and H-17 are 

approximately 5 x 1 o - ~  m21s, or approximately 1 .5 orders of magnitude 

higher than the transmissivities used in case 1 (2  x 1 0 ' ~  rn2/s), and 
one order of magnitude highep than the transmissivi ties 'used in case 2 

( 6  x m2/s). The head differences f o r  case 1 in the vicinity of 

H-11 ranged frm 5.3 to 8.7 rn. In case 2 ,  t he  head differences were 

reduced by.approximately 3.5 m frm those in case 1 .  In conclusion, 
with the present da ta  base, %he increase in the transmissivity between 

P-17 and M-17 is necessary to reduce t h e  head difference at H-11 below 

the +/- 2-m uncertairfiy of the observed H-11 head. 

4.3.5 Sensitivity of the Calculated Heads t o  the Southwestern 

Boundary Conditions 

A third simulation, case 3 ,  was performed t o  determine t h e  effect that  

changing the heads along the southwestern boundaries of the model 

would have on the calculated heads at H-7 and in the v i c i n i t y  of H-1  1 . 



0 
The calibrated t cansrnissivity d i s  t r imtion I Figure 4.3) was used for 

t h i  s simulat ion.  The specified hydraulic gradient along t he  lower 
half of the western boundary w a s  lowered to approximately 7.5 x 1 0-4 

d m ,  s l ight ly  less than the calibrated model's gradient of ' 9  x loa4 

d m .  The change in gradient raised the specified head at t he  

southwest corner of the model area frm 91 0 m amsl in the  calibrated 

model to 91 1 rn amsl for case 3. Also, t h e  specified heads along the  

western half of the southern boundary were raised by 2 m. This 

increase in the  specified heads i n  the southwest part of the model 

m a  a s e n  tiall y lowered the regional hydraul f c gradient between the  

nor thern  and southern bundaries . 

The calculated heads f o r  the  case 3 simulation are shown in Figure 

4.73. I n  the northern part of the WIPP sitet the calculated heads at 

COE-2, WIPP-13, and H-6 are s l i g h t l y  greater (0.2 t o  0.4 rn) than the 

heads for the calibrated mdel. The increase in the heads becanes 

greater in the southern half  of the WIPP sf t e  where heads at; the H-3, 
H-14, and H-15 boreholes were increased by an average of 1 .6 m. The 

increase in calculated heads south of H-14 was approximately the same 

as a t  H-1 l and H-7, which had increases of '1.9 m. 

Figure 4.14 shows the difference between the calculated and observed 
heads for ease 3* The difference a t  H-7 was mduced below its 1 rn 
uncertainty value. HOwever, the head differences in the v i c i n i t y  of 

H-1 1 were increased to values above the observed-head uncertainties 

(Table 4.7). Therefore, higher transrnissivities south of H-7 1 than 

those used i n  the calibrated model would be required t o  reduce the 

head d i f f e rences  i n  this portion of the model area. Future' modeling 

efforts would require cantinuation of these calibrations w i t h  a 

variable t ransrnissivity d i s t r i b u t i o n  and changes t o  t h e  specified 

heads along t h e  western and southern boundaries. 

a 



4 . 3 . 6  Apparent Local Maxiina and Minima i n  t h e  Calculated Freshwater 

Heads 

Equivalent freshwater heads are a common unit used t o  represent , 

formation pressures over a given area or at a borehole location. For 

this reason, t h e  formation pressures i n  t h i s  study are presented in 
equivalent freshater heads. However, freshwater heads are l imi ted  i n  
their use as a d i r ec t  indica tor  of ground-water f lm direction because 
the equi valent-freshwater-head equation ( Appendix I3  i mores the 

wavi ty-related pressure t h a t  i is generated in a variable elevation, 

saline ground-water system. This condition can lead t o  local maxima 

or minima i n  the equivalent-freshwater heads. For example, the 

calculated freshwater heads in Figures 4.5, 4.8, 4.11, and 4.13 have 

two local hiQs occurring along the eastern noiflar ktoundary. ' A  local 

low also occurs between WIPP-30 and H-5 (the 935-m contour i i n e )  . The 
fo l lcwing  paragraphs explain the  reasons f o r  these lacah highs and 

lows in the calculated freshwater-head d i s t r ibu t ion .  

A d e t a i l e d  i l lus t ra t ion  of the center-of-Culebra elevations (rn amsl) 
in the northeast quadrant of the model is shown i n  Figure 4.15. Three 

minima occur in the Culebra elevation map. Two of these minima are 
located along the eastern ,boundary of the model area, one along the 

northern part of the boundary and one i n  the  central par t  of the 

eastern boundary directly east of the WIPP site. The third elevation 
Icw occurs in the area between DOE-2 and WIPP-11. Fach of these low- 

elevation areas forms a trough or local depression within areas of 

relatively significant elevation changes. me elevation low occurring 
along t he  northern part of ' the eastern boundary is based on a Culebra 

elevation rrm Davies (1988). 'Ihe elevations defining the  3w 

occurring in the  central part of t h e  eastern mdel-area boundary are 

estimated by AKRIP based on the l o c a l  t r ends  observed i n  the nearby 

data inside the modeled area. The  lo^ area between DOE-2 and WIPP-11 

is defined by s t r a t i g r a p h i c  data f rm t h e  logs of those two wells 

(Mercer e t  al., 1987; and Sandia National Laboratories and U.S. 

Geological Survey, 1 9823 . 

HO 9700 R554 4 -1  4 



A detailed representation of the model-calculated f reskater heads in 
the northeast quadrant of the 'model area is illustrated in Figure 
4.16. Local maxima coincide u i t h  the three minima In the Culebra 

. . 
elevations shown in Figure 4.15. The local extremes in freshwater 

. . 
heads in this part of the model area are due t o  gravity-induced 

pressures generated by the rapid changes in ad f acent grid-block 

elevations. S i g ~ i P  icaht elevation chmps between adjacent grid 

blocks in&ease the pressure in the  loverelevation grid block by the 

weimt of the column of water assumed to exist between the two grid 

blacks. The equation used to convert t h i s  pressure to equivalent 

freshwater head assumes that  this c o l m  of water has a density equal 
t o  1.0 g/m3. In the northeast quadrant of the model area, however, 

the fluid densities range fm 1.05 g/m3 to 1 . I 6  @m3. Tnls range 

of f l u i d  densit ies  coupled with the variation in the Culebra 

elevations in the WLPP area can generate local freshwater-head 

anomalies of up to 5 m. 

The Darcy-velocity equation is: 

Velocity = 

where k 13 the harmonic-mean permeability between adjacent grid 

blocks, u is f l u i d  viscosity, AP is the pressure difference between 
adjacent grid blocks, d is the distance along one of the pr inc ipa l  - 
axes, x,  y,  or z between adjacent grid blocks, p is the  mean f l u i d  

density of adjacent grid blocks, g is gravi ty ,  and Az is the 

difference of adjacent grid-block center elevations. The f i r s t  term 

accounts for the driv ing  force due t o  pressure differences between two 

adjacent grid blocks, and the semnd term accounts Por t h e  gravity- 

induced pressures generated by elevation and f lu id -dens i ty  effects. 
Velocities are calculated in the x and y directions k a m e  of the 

assumption used fo r  modeling the Culetsra as a confined aquifer with no 
vert lcal f l u x .  



The calcuiat ed Darcy ' velocities ( Figure 4.5b ) are accurate represen- 

t a t i o n s  of the  flow directions given the assumption of porous-medim 
flw and the boundary cond i t i ons  used i n  t he  model. The y-components 

of the velocity vectors over the  model region are generally oriented 

south, even in the areas where the  local freshwater highs occur. One 

exception occurs in the northeastern comer of t he  model area where 
the two terms on the right-'hand side of Equation (4.1) are the same 

v i t h i n  t h e  limits of discretization and the  accuracy if the algorithm 

These terms are also approximately the  same i n  t h e  v i c i n i t y  of DOE-2. 
This  results i n  unreliable velocity magnitudes and directions. 

The impertance of accounting for the gravity-induced pressure o r  

gravity-related dr iv ing force i n  the  WIPP area has also been described 

by Davies (1987). He presents a modified form of Dascyts law incerpo- . 

r a t i n g  the variable d e n s i t y  and elevation effects and i n v e s t i g a t e s  
c h a n ~ s  i n  the  f lw direct ions generated by incorporating gravity- 

' related d r i v i n g  forces. In smary, the  local freshwater-head maxima 

or minima illustrated i n  Figures 4.5, 4.8, 4. I t ,  and 4.13 are derived 

frm the choice of presenting the d a t a  i n  the u n i t  of equivalent 

freshwater head. The veloci ty  vectors i l lustrated i n  Figure 4.5b are 
accurate representations of the flow d i r e c t i o n  except i n  areas where 
the difference between the two mmponents of the velocity equation 
( Equation 4.1 is small, such as i n  the northeast corner of the model 

area. 

4.4 Calculated Pacticle Travel Times in the Model Region 

In a steady-state flcw f ie ld ,  particle travel times calculated us ing  

mean pore-water velocities are mod  i n d i c a t o r s  of the travel times due  

s t r ic t ly  t o  the changes in prmeab i l i t y  and hydraulic gradient over a 
particular area, but should be interpreted relative t o  the spatially- 

canstant porosity used in t h e  calculation of mean pore-water 

ve loc i t i e s .  The p a r t i c l e  t r ave l  times should also be i n t e r p r e t e d  
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r e l a t i v e  t o  the  uncertainties associated with t he  permeabilities and the  

hydraulic gradients. Uncertainties i n  ,the p e m a b i l i  ties and the 

calculated pressures used i n  the  calculation of the hydsaul ic gradient 

generate variations in the Particle travel paths and times from a given 
release point ,  whereas uncertainties in the  porosities direct ly  affect 

the variations in the particle travel time along a given path. In 
Andrews e t  al. ( 1 987) , ; the importance of consider1 ng both particle 

travel-path uncertainty and particle travel- t ime uncertainty is 
demonstra ted using a s t a t  i s t l  cal sampl ing approach f rcm distributions of 

t& hydroseolosic param$ters a t  t h e  bedded salt site i n  Deaf Smith 

County, Texas. 

In this study, a simif icant portion of the  uncertainties of the  

permeabilities i n  the WIPP-site area can be derived from the estimation 
errors of the transmissitk ty f i e l d  (Figure 3.12b). me uncertainties of 

the  observed t rans rn i ss~vi ty  values must also be considered. The 

uncertainties of the observed heads  able 3.53 originates frcm the 

uncerta int ies  in the bokhole-fluid densities &d the  trends observed in 

the hydrowaphs for t h e  ; WIPP-area boreholes ( Appendix El. Given t h e  
I 

uncertainties associated ,with the hydrologic data fran t h e  boreholes at 

the WIPP-si te,  the particle travel times presented i n  . t h i s  section 

should k considered uncertain. They are presented t o  i l lus t ra te  the 

range in particle travel times in the calibrated steady-state model 

using the  stead y-state cdli brated transmissivi ties and a s p a t i a l l y -  

constant porosity of 16 percent. 

Calculations were perfodned for the release of seven particles in the 

flow f i e l d  defined by ' the steady-state calibrated heads. Of t h e s e  

seven, three were released along the  western half  of the  nort,hern 

boundary t o  d e t e r m i n e ,  the travel. times within t h e  model area 

representing Nash Draw. , The four o t h e r  particles were released wi th in  

the WIPP-site boundary a t  locations coincident w i t h  H-5, H-6, H-18, and 

a point corresponding to ,  t h e  cent ro id  of the underlying repsi tory which 
I 



was considered the base-case release point in Reeves et  a l .  (1  987). 
~igur&. 4.17 illustrates 'the particle travel paths for all seven 

particles. The paths are consistent with the  velocity vectors 

illustrated in Figure 4,s. The shortest  travel times, occur in the  

western part of the model area where particles A and B have values of 
approximately 450 and 975 years, respectively. Both of these particles 

traveled directly south in the area representing Nash Draw where the 

Darcy velocities range frm 1 x 10-7 m/s to 1 x n/s. Particle C 

initially travels southward but is redirected tward the area 

representing Nash Draw where the majority of the ground water entering 
the model aiong the northern boundary eventually flms. Particle C has 

a travel time of 2.8 x 703 years which is less than one order of 

magnitude greater than the travel times for particles A and B. 

The travel path of particle D, Originating at H-6, is oriented southwest 

because the ground-water flaw in this area is oriented away fran the 
relatively low transmissivities south of H-6. Tne travel path is 

eventually redirected southeast toward H-7 and exits the southern model 
boundary with a totdl particle travel time of 1.6 x l o4  years. 

Particle E was released frcm a location coincident; with H-5 and exits 
6 the model area frm the southern boundary in 1 . 4 ~  10 years. The 

calculated travel time for Particle E is very long because of the l o w  

calculated Darcy reloci ties ( 1  x 10-" to 1 x 1 0-lo m/s) near the 

eastern WIPP-site boundary and because Particle E does not enter the 

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

t ransrni s s i v i  ty  zone described in Section 4.3.2. 

Particles F and G were released i n  the centra l  part oP t h e  WIPP site. 

The release point for Particle F is slightly south or H-18. The 

particle then travels southeast toward H - 3 ,  enters the high-kelocity 

zone between H-17 and P-17 and reaches the southern model boundary in 

5.8 x lo4 years. Particle G w a s  released in the Culebra frm a point 

coincident wl th t h e  centroid of the underlying repository area. This 



release point w a s  used as the base-case release point in Reews e t  a l .  
( 1 987) . The calculated particle travel time for Particle G to reach the 

4 southern WIPP-site boundary is approximately 1 .3 x 10 years, which is 

about one-third of the t o t a l  travel time to the southern model boundary 
4 (3.6 x 10 years). Assuming a porous-medium equivalent porosity of 0.16 

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

particle travel time to the accessibLe environment determined for 

particle G in th is  study is approximately 2.5 times longer than the 

travel time t o  the accessible environment (southern WIPP-site boundary) 

presented in Reeves et a1 . !( I 9871 . The increase in particle travel time 

in this study is due to the laier gromQ-uater velocities 
south of H-3 generated by the lower transmissivities in the v i c i n i t y  of 

H-11. This increase in travel time should be considered qualitative 

since additional model calibration is yet to be completed 

(see Section 5 ) .  



5.0 SIWLATION OF TRANSIENT RESPONSES RESULTING ' FROM SHAFT ACTIVITIES 7 . n .  - 
. . 

AND WELL TESTS . , . . . -  

The focus of this  modeling study i to simulate the undisturbed hydrologic 

conditions and t h e  transient behavior of the Culebra dolomite in respons6 

to the ti-3 and WIPP-13 rnultipad pumping tests. The simulation of these 

tests was conducted t o  assess how well the steady-state calibrated mdel 

reproduces the transient tests performed in the Culebra. .me following 

Sections 5.1 , 5.2, dnd '5 .3  describe the five transient simulations 

performed in t h i s  study. 

A l l  of the sinulatlons u t i l i z e  the calculated heads of the calibrated 
steady-state model (Figure 4.5) as the i n i t i d  mndition. The i'nitial or 

base- case transient 6 irnulat ion also used the t ransmissivi ti'es of the 

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

conducted t o  evaluate the* effect the model transrnissivities' and 

storativi ties have on the calculated transient freshwater heads. '?he first 
two sensitivity simulations used the  base-case storativity but had 

different transmisslrity distributions than the base case. A Fattor-of- 
two increase i n  the calibrated transrnissivities was wed i n  the first case 

and a factor-of-two decrease in the calibrated transmissivlties was used 

in the second case. The other two sensitivity simulations used-the base- 
ease transmissivity distribution but changed the base-case model 

storativity values by factors of 2.5 and 0.5. 

The transient simulations' include the hydraulic tests and' other act iv i t ies  

that  caused sigificant hydraulic stresses on the Culebra. 'he most 

important disturbance of the  hydroldgic systm during recent years was 

caused by excavating the shafts  a t  the  center of the WIPP s i t e  

I Appendix G) . The transient simulations i n  t h i s  modeling study includes 

the entire shaft history exkending from i t 3  beginning i n  J u l y  1981 t o  the 

present (late 1987). For convenience, January 1, 1981 w a s  selected as the . 

beginning of the simulation time scale. ' h e  time-step size selection 

criteria for the simulations are described in Appendix C. 



We11 tests a t .  H-2, H-3, i H-4, :and WIPP-13 were 'al.30 included i n  the 
t rans ien t  simulations. ~escriptions of these tests are @so mntained in 

Appendix G. Many other well- tes t ing  and water- qua1 i ty- m p l  ing act  i vlr, ties 
have been conducted at t h e  WIPP site and. could be implemented in the 

transient simulation. -31 ,gener;al, most of these ,are of shor t  duration 

with relatively small impacts on ,the hydrologic conditions in the 

Culebra. : We .have selected . t e s t s  of longer -duration which have 

significantly stressed the Culebra in the .  v i c i n i t y  of .H-3 or WIPP-I 3.  
This. .was. done t o  incorparate the hydrologic stresses present during the 

beginning of the H-3 and WIPP-13 m u l  tipad pumping tests. 
t 

The.' observed .transient . data . are presented in . terms of freshwater heads 

whlch : required howledge of . representative. boreholefluid densi ties 

(Appendix El. Because $orehole-f1uid.density is an uncertain,prameter, a 

specific symbol has been used in the figures showing the p lo t t ed  transient 

hydrograws, to expcess the wcestai nt y in,  the t ranslent freshwater . heads 
calculated from the dens i t ies  in.Table E.2. , The symbol used is a vertical 
l i n e ,  indfcating the  uncertainty associated with the freshwater-head 

vaJue, with.a horizontal t i c  mark which corresponds to the. best estimate 

of: the..freshwater-head value. (Section 3.7.2) .  . . 
r .  . 

5.1 . InEti  al Wansient .Simulation Using the Stead y-State Calibrated 

Model L. . I 

The details of the shaf t  a c t i v i t i e s  which hydraulically stressed the 

.Culebra and the t e s t s  petTomd,at  the  WIPP-area boreholes whlch were 

used , 3n t h e  transient si.mulation are presented i n  Appendix G. 

,Sections 5.1.1, to ' 5.1.9 describe the  i n i t i a l  transient simulation 
. . 

performed using the transmissivity distribution and #boundary conditions 

of the steady-state calibrated model. The in i t ia l  simulation is also 

referred to as the base-case. t ransient  simulation i n  later sections. 

. ,Additional -calit>ratlon .was not p e r f - f m d  t o  Improve .the. results 

:determined in the  i n i t i a l  simulation. , Transient calibration requires an 



f te ra t  ive procedure which i nc ludes  changing local transmissivi ties and 
storativl ties t o  improve the chculated transient results ,,- while . 
mainta in ing  t h e  calibrated steady-state fit to the observed-heads. This 
t ype  of pro&dure w i l l  be done i n  the transient simulations .incl;ded in 

future madel ing studies. 

5.1.1 Simulation of the Ea r ly  Shaft Pressure History 

The effects of the early shaft  pressure history in 1981 and 1982 were . - -, 

.observed a t  H-I., H-2, and t o  a lesser extent at WT3 Stewens and 
Beyeler, 1985) (~igwe 5.la). At H-1, the calculated drawdown 

resulting fm the , f irs t  exposure of the construction and salt 
handling (C & SH) s h a f t  t o  abnospherie pressure is greater than t he  

observed draw-. The subsequent Encrease in calculated head at  H-1,  

generated frm the simulation of the  f i l l i n g  of the C & SH shaft w i t h  

brine, is higher than the observed head. ?he lack . or. , .  agreement 

between the  simulated and observed heads implies that (1)  , t h e ,  mdel 
transmissivities between the  C % SH shaft and H-1 are too high, .and/or 
(2) t h e  model s tora t iv i ty  ( 2  x 1 o - ~ )  between the C & SH shaft and H-l 
is too low. 

r n a ~ i t u d e  of calculated drawdown at H-2 and H-3 during the  early- 

shaft-history time period is approximately t he  same as the observed 
drawdown at both breholes. Hwever, the calculated heads at H-2 are 
generally 5 m lower than the observed heads. This head difference 

implies that .the model transmissivfties between the C. & SH shaft and 

H-2 are toe high, o r  t ha t  the mdel storativity is too low. The 

calculated freshwater heads at H-3 genera l ly  agree with  t h e  observed 

heads during this period, indicating t ha t  the  mdel parameters between 
the shaft location and the H-3 , hydropad have approximately 

representative values. 



. . :  ..--.,-. . I . .  , . 

.me e@ly: . i~f t  piessure ,hi$to&y' probably' cawad ve& s t m g  head 

~chari"ge9' at WIPP-21 &d WIPP-22; k d  t o  a lesser extent' at WIPP-19 and 

WI'PP-18: ~cwever; bemuse these wells w6re no t  completed as Culebra 
o'&&ation wells u n t i l  the summer of 1985, no observed data exist 
P m  these wells for the  years 1981 and 1982. 

5.1.2 Simulation of the Open-Shaf t Period 

The drawdown cone caused by grohd-water leakage + in to  thG open shafts 

during '7  982 ' through 1 985 ( Appendix G, section C. 2.21 has been observed 

at  H-1, H-2, and to a lesser extent at H-3. The *drawdown caused by 

the. ofin sha f t s  would also have been observed at  the wells WIPP-21, 
. WIPP-22, W3PP-19, and WIPP-18 if they had been recompleted ' i n  the 

Culebra before -1 985. In general, the '  'calculated transieht heahs are 
about'l0 m lcwer t'han the observed heads (Figure 5.la) indicating that 

the transmlssirlty ahd/or s t a r a t i v i t y  d i s t r i b u t i o n  i n  the vicinity of 

.the 'shafts mustc be modified to obtain a better apeanent between t h e  

obs&r*d and the calc'ulated trarisieht head data.  he' effect of 

adjusting 'the mod& transmis3ivi ties ar;d ~"ta'gtivi ties oh t h e  calcu- 

lated transient heads is demonstrated and discussed in Sections 5.2 

and 5.3. 

5.1.3 Simulation of the Shaft ~eakag6 After ~ka'ft; Sealing 

In sumer I 985, ' t he  exhakt  s h d t  was sealed ( &pendix. GI. This 

reduced considerably the leakage of giroid water f r a  the CuZebra into 

the shafts  (Figure 5.2). ' The observed freshwater-head increase caused 

I by the exhaust-shaf t sealins is shown on t he  plot of calcul&ed and 

measured transient freshwater heads f o r  the shaf t  location 

(~igure'5.1g~). The f l ~ i d - ~ & s s u r e  recovery due to t he  sealing of the 

I exhaust shaft can also be recogni ~d a t  H-1 and H-2 ( ~ i g u r e  5. ?a) , but 

I the head response is complicated by the recovery fm the H-3 

I stepdrawdown test. Thus, 1 t is dif f icul t  to quant i fy  the specific 



response at  H-1 and H-2- due t o  the shaft sealing in smer 1 985. 

A response t o  the sealing of the exhaust sha f t  may have occurred at ' ;. 

the DOE-1 and H-11 boreholes (Figures 5. l b  and 5. lc), Hwever, 

pumping a t  H-1 1 during the same period of the shaft sealing has made 

the Tdent if lcation of a shaft- seal ing sesponse in the observed 
transient data d i f f  icblt.  The recovery could have probably k e n  
ident i f ied at the WIPP wells north of the shaft locations i f  these 

wells had not been ' undergoing recompletion or recovering from 

recomplet ion. 

5.1.4 Simulation of tie H-2 Well Tests 

The response to the  hydrologic and t racer  tests a t  H-2 during 1983 and 

1984 were incosporated into the model as described in Appendix G p  

Section G. 3.1. The Qrductian rates dur ing t h e  tests are shown in 

Figure 5.3. Cmpared t o  the other well tests incorpo~ated i n t o  the 
. . 

transient simulation : (Appendix G), these tests were only minor 

hydrologic stresses on, the Culebra dolmite. Thus, the effects of the 

H-2 well tests are not pmnomced at H-1 i d  H-3 (Figure 5;la). The 

head data for H-2 display considerable scatter apparently as a result 

of both test ing -at :H-2 and ac t iv i t i e s  a t  the  shafts and other 

hydropads. H-2 has also had a complicated dens1 t y  history which adds 

furthes sca t te r ' to  thk data. Therefore, i t  is d i f f i c u l t  t o  assess 

whether or not the  ; calculated response t o  the H-2 well t es t s  

adequately represents the actual response. 

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

The li-3 convergent-flow tracer t e s t  performed from ApPil to June 1984 

is discussed in Appendix G, Section G.3.2. The production rates 

dur ing the H-3 conve&ent-flaw tracer t e s t  are shown in Figure 5.3. 

The calculated drawdown a t  t h e  H-3 hydropad in response t o  t h i s  test 

(Figure 5. Fa) is twice the observed drawdown. This implies that  1 ) 

t he  calibrated t r a l sm ' i s s iv i ty  in the H-3 hydropad area is too 1m, 



and/or 2) the storativity in the v i c i n i t y  of the H-3 hydcopad is 

greater than the storativity of 2 x 10-5 used in the model. 

The calculated drawdowns in the spcing of 1984 at H-1 and H-2 

(Figure 5. la) are approximately 6 m and 4 m, respectively. Because 
the observed drawdowns at those wells due t o  the H-3 convergent-flow 

tracer test  cannot be easily identified due to the considerable 

scatter in the observed data, it .is difficult to compare t h e  

calculated and observed responses. A t  H-11, the calculated drawdewn 

cannot e a s i l y  be compared against the observed because the observed 

heads are influenced by a pr ior  pumping tes t  conducted at the H-71 

hydropad which w a s  not included in the stmulation (Figure 5. l b ) .  A t  

WE-I, the calculated freshwater heads agree well wlth the observed 

data (Figure 5 . 1 ~ ) .  

5.1 .6 Simulation of the H-3 Step-Drawdown Test 

The H-3 step-drawdown test conducted in June and Ju ly  1985 is 

described in Appendix G, Section G.3.3. Tlle production rates for t h e  

test ace shorn in Figure 5.3. Similar t o  the  response observed for 
the convergent-flow tracer test, t he  calculated drawdown at the H-3 
hydropad (Figure 5.1a) is twice the observed drawdown. .me magnitude 

of the observed and calculated drawdowns at H-7 and H-2 are 

approximately the same C Figure 5. f a) . 

As with the convergent-flcw tracer test, the step-drawdown test caused 
s m a l l  responses at DOE-1 ' and H-1 1 . In both wells, the calculated and 
observed drawdowns are in good agreement. However, the calculated 

recovery is much slower than the observed. This indidates that the 

model transrnissivities between H-3 and WE-1 and between H-3  and 8-1 1 

are probably adequate and that other factocs are causing the 

differences. 



5.1 . 7 Simulation of the H-3 Multipad Pumping Test 

The H-3 multipad pumping test conducted from October through December 

1985 i s  discussed in Appendix G, Section c.3.4. me pumping rates are 

shown in Figure 5.3 and the calculated and observed transient respon- 

ses at  the H-I, H-2, and H-3 locations are illustrated in Figure 5.la. 

The calculated drawdom at  the  M-3 hydropad is again two times greater 
than t h e  observed drawdown in the pumping w e l l  H-3b2 (lowemost values 

of' the H-3  hydrograph in Figure 5. la). The observed data at  H-1 and 
H-2 exhibit  drawdown and recovery in response to the  H-3 m u t i p a d  

test. A t  H-1 , the  observed and calculated drawdowns have about the 

same magnitude relative to the  pretest f l u i d  levels, while at H-2 the 

observed drawdown is smewhat larger than t he  calculated d r a w d m .  I n  

both wells, t h e  observed recovery is slcwer than the calculated 

recovery. Unfortunately , reliable observed data for these wells are 

not available f o r  the priods during the H-3 convergnt - f lm tracer 

t es t  and the H - 3  step-drawdokm test. Therefore, it: is d i f f i c u l t  t o  

identify whether t he  disa~eement between H-1 and H-2 calculated and 

observed data frm the H-3 multipad pumping test is caused by using 

non- represent at i ve model pasmeters such as transmi ssi vi ty o r  by other 

hydrologic disturbances such as pressure changes in the shaf t s .  

A response to the H-3  rnultipad pumpf ng test was also observed at H-1 1 

and DOE-1. The calculated drawdowns match the observed drawdowns 

qulte well. Hakrever, as in t h e  previous respnses to H-3 t e s t i ng ,  the 

calculated recovery at ' both wells is slower than the observed 

recovery. 

The maximum drawdown observed during the H-3 multipad pumping test at 

WLPP-21 was 10 m (~igure 5,le). The other WIPP wells in t h e  v i c i n i t y  

of the shafts  had drawdowns less than WIPP-21. Slaw recoveries were 

also observed. The f l u i d  densities in the WIPP wells in the v i c i n i t y  

of the shafts during the  pumping and recovery periods of the H-3 



multipad test are not well knm. Therefore, in, the  following 

discussion only the  relative changes in freshwater head are 

considered, rather than the absolute magnitudes of #the freshwater 
heads. 

A 'comparison of the relative changes in the calculated drawdowns and 
t h e  observed changes in heads at WIPP-21 , WIPP-22, and WIPP-19 shows 

that the  responses t o  the H-3 multipad t e s t  calculated by t h e  model 

were much smaller than.  those observed. me disagreement between the 

calculated and the observed data implies  that either the  model 

t ransrnissivi ties used are not representative of the actual 

trammisslvities, or that some other event caused the  extent of 

drawdoh at WIPP-21, GIPP-22, WIPP-19, and WIPP-1 to the north of the 

WIPP shafts. considering tha t  the  observed drawdown at  WfPP-21 is 

larger then' tha t  observed at  H-1 , a rather high permeability Peatura 
would be required between H-3 and WIPP-21 to produce such a 

response. A t  present, no data exist to support a postulated high- 
. . 

transmissivity feature between WIPP-21 and H-3. An alternative 

explanation of the WIPP-21 response is presented in the following 

paragraph. 

Transducer measurements in the' Culebra in the w a s  te-handling shaft 

(Figure 5.1 g )  showed a sudden pressure drop during the H-3 mu1 t ipad 

pumping ' test , 'similar to the obsemreb water-level response at WIPP-21. 
Tne equivalent-freshwater-head drawdown at the waste-handling shaft is 

more than k w i  ce as large as the observed drawdmn at H-1 . Haug e t  a l  . 
11 9873 proposed that  duri'ng the  H-3 mu1 tipad pumping test, additional 

leakage of ground water from the Culebra occurred in one of the 

shafts, thus  causing the sudden pressure .drop. This scenario was 
simulated in Haug et al .  (1987) and was shown t o  impmve the 

reproduction of the  responses at the WIPP wells during the H-3 pumping 

test. Haug et al. (1  987) concluded that the  proposed additional 

leakage' a t  one of tine shafts could expla in  the observed respanses in 



1 

WfPP-21, WIPP-22, and WIPP-19, and tha t  it could account; for the 

smaller calculated drawdowns and slower observed recoveries of H-1 and 
2 Implementation and further investigation of th i s  hypothesis was 
not perf'omed in the  present modeling study. I 

5.1 .8 Simlat ion of the H-4 Convergent -Flow Tracer Test 

TRe convergent-flow tracer test at the H-4 hydropad conducted between 

October 1982 and ~ctober 1984 is described in Appendix G, Section 

G.3.5, and t he  pumping rates during the test are graphica l ly  shown in 
Figure 5.3.  The calculated and the observed transient heads at the  

H-4 hydropad are illustrated i n  Figure 5.lb. The calculated drawdown 
. . 

during the A-4 convergent-f low tracer test  is approximately two times 

greater than the observed draudown in the observation wells (H-4a, 

H-4b), while the  observed drawdown in the pumped well (H-4c) w a  much 

larger. The ca lcu la t ed  rate of recovery, however, appears to agree 
with the observed, This comparison of calculated and observed 

responses t o  the H-4 tracer test indicates that the model 

transmissivities employed in the area of the  H-4 hydropad are 

generally lower than t he  actual transmissivities. Because of the  low 

transrnissivities in the vicinity of H-4, t h e  H-4 hydropad w a s  the only 

location t h a t  responded to the pumping during the 3-4 convergent-f low 

traces test. 

5.1 .9 Simulation of t he  WIPP-13 Multipad Pumping Test 

The WfPP-13 pumping t e s t  conducted from January to February 1987 is 

described in Appendix G, Section G.3.6. The pumping rates used in the  

model are illustrated in Figure 5.3. The calculated and observed 

drawdowns at MIPP-13 are shown in Figure ? . I d . .  The calculated draw- 

down is approximately twice the observed drawdown, implying tha t  the  

steady-state calibrated transrnissivity at WIPP-13 is probably too low. 



me calculated drawdowns at the H-6, DOE-2, and P-1 4 boreholes are @ 
illustrated in Figures 5 . l b  and 5 . 1 ~ .  The relative magnitudes and 

. . 
timing of the calculated drawdokms and recoveries compare well with 
the observed transient freshwater heads at  these locations. This 

implies tha t  the calibrated t ransmissivi ties between these boreholes 
and WIPP-13 are probably close to the actual t ransmissivi t ies . 

Wells WIPP-12, WIPP-18, WIPP-19, WIPP-21, WIPP-22, WIPP-30, and ERDA-9 

also responded to the pumping at WIPP-13. The calculated and observed . 
transient freshwater heads at these locations are shown in. Figures 
5.1 d and 5.1 e.  The calculated drawdowns are generally much lower than 

. . 
the observed drawdarns at these locations. For example, the maximum 

obsPsved drawdowns a t  WIPP-12 and ERDA-9 are approximately 8 m and 

1 rn, respectively. The calculated drawdown a t  WIPP-12, however, is 

about 2 in and there was no identifiable calculated drawdown a t  ERDA-9, 

implying that the actual transmissivity and storativity distributions 

between WIPP-13 and the other WIPP wells are different from those used 
in the madel. The calibrated steady-state model transmissivities 

S U P P O U ~ ~ ~ ~ ~  the WIPP wells nearest to t he  shafts are approximately 
5 x m2/s .  These 'relatively low transrnissivities f o m  a barrier 

t o  flow which reduces the magnitude of t h e  responses a t  these wells 

due to pumping a t  WIPP-13. his causes the  calculated responses t o  be 

lower than the observed responses. It fa also possible tha t  a local 

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

storativity lower than 2 x lom5 exists between WIPP-13 and the WIPP 

wells just north of the shafts. 

5.2 Sensitivity of the Transient Calculated Freshwater Heads to 

Transrnissivity 

A detailed calibration of the  model to the observed transient 

f reshwater-head data was not possible due t o  time' constraints. 

Section 5.1 indicates that adjustments t o  the transmissivities and 

H09700~554 5-1  0 
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0 storativity used in  the steady-state calibrated model are needed t o  

reproduce the transient responses. To detennine the effect that general 
changes i n  the transmissivity or storativity have on the calculated 
t ransf ent freshwater heads, several addi tional transient sirnula t ions 
were perfomed. l'he sens i t iv i ty  of the calculated f rwhwater heads t o  

model transmissirities is presented in t h i s  section, while the  

sensitivity of the  calculated transient freshwater heads to changes in 
model storativities is presented i n  Section 5.3 .  

. . 

Two simulations were perf omed in which t he  s teady-state calibrated 

transmissivities were changed by a constant factor aver the entire model 

area. The f i t  af the steady-state calibrated model to the undisturbed 
heads was rnafntained because the  calculated head distribution for t h e  

steady-state model remaim the same when the boundary conditions are 
fixed and the transmissivities are globally changed by a constant 
factas. In the first simulation, hereafter referred to as T-case 1, a 

global multiplier of 2 was applied to the  grid-block transmissivities of 

the calibrated steady-state model. This increases the ability of the 

model to t r a n s m i t  flow from one grid block t o  another. The second 

simulation, T-case 2, used a global transmissivfty factor of 0.5 which 

reduced the  ability of the model to transmit flow. 

Both of these global changes i n  the model transmfssivit"ses caused 

changes in the hydraulic connection in the area around the shaft which 

affected the flux of ground water draining from t h e  Culebra into t he  

shaft. To maintain the Culebra pressure observed at the shaft ,  the flux 

must increase if the transmissivity increases. Conversely, t h e  f l u x  

into the shaf t  will decrease i f  the global model transmissivity 

decreases. The calculated transient freshwater heads detemirled i n  

T-case L and T-case 2 are  shown in Figures 5.4a through 5.4k. These 

sensitivity simulations ' show, in general, tha t  doubling the  

transmissivity over the  entire model improved the f i t  between the 

calculated and observed drawdown at the various pumping wells included 



in the transient simulation (H-2, H-3, H-4, and WIPP-13) . Conversely, a 
. . 

50% decrease in the tranamissivities (T-case 23 resulted in a poorer f i t  

between the calculated and observed drawdowns at  the pumping wells. 

5.2.1 Sensitivity of the Shaft -Induced Responses t o  Transmissivity - .. 

'Ihe simulation of the shaft pressure history during construction 

showed that the filling of the C & SH shaft with brine produced 
greater drawdowns and higher recoveries than calculated by the steady- 

state model at boreholes H - 1 ,  H-2, and H-3  (Figures 5.4a, 5.4b, and 

5.4~) when the transrnissivities between the shaft and these wells were 

increased, and lower drawdowns and recoveries when the transmissivi- 

ties were reduced. me response of the shaftst grid block during this  

time period was determined by a series of pressure-controlled events 
which are different from rate-controlled events (Appendix GI . 

During the early shaf t  history, the higher transmissivities used in 

T-case 1 resulted in a larger flux of ground water entering the shaft 

from the formation and an increase in the hydraulic connection between 
the shaft and H-I , H-2, and H-3. This increase in hydraulic 

connection increased the distance to which the pressures prescribed at 

the shaft were transmitted. When the global transmissivities were 
decreased, the flux and the hydraulic connection between H-1 , H-2, and 
H-3 and the shaft were also decreased, thus reducing the calculated 

responses. The calculated response at H-1 to the shaft pressure 
his to ry  using lower transmissivities, T-case 2, was much closer to the 

observed response. However, the calculated response at  H-2 and H-3 in 

the i n i t i a l  or lfbase-casew transient simulation is better than the 
results determined in T-case 1 or T-case 2. 

The open-shaft period (1  982-1 985) and the recovery period after the 

sealing of the exhaust shaf t  (July 1985) also proved to be sensitire 
to global changes in transmisslvity. The calculated responses 



determined in T-case 1 produce a better fit t o  the observed data. 

More adjustments to the hydrogeologic parameters of the model will be 

needed to reduce the differences between the calculated and observed 
responses in the v i c i n i t y  of the shaf t  and extending to H-1, H-2; and 

H-3. 

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

The calculated and observed transient freshwater. heads f o r  the 

base-case transient simulation and the two sensitivity simulations, 

T-case 1 and T-case 2, at the H-3 hydropad are shown in Figure 5.4~. 
The calculated drawdown at H-3 f o r  T-case 1 agrees well with the 

observed drawdown during the H-3 convergent-flow tracer test and the  

H-3 step-drawdown test but I s  slightly l e s s  than the observed drawdown 

during the M-3 multipad pumping test .  There Is good agreement between 

the calculated responses and the  observed responses during the  

recovery period of both of these tests. Conversely, lower global 

transmissivities produced a poorer agreement between calculated arld 

observed responses than w a s  determined fo r  the base-case transient 
simulation. 

The calculated responses at the H-1 and H-2 boreholes to the H-3 tests 

were significantly altered by variations in the assigned 

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

H-2 were increased when the transmissivities were lowered and reduced 

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

to the observed relative drawdown and recovery r a t e  was genecally 

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

calibrated transmissivities between H-I, H-2, and H-3 are probably 

representative and t ha t  the calculated responses at the"H-1 and H-2 

boreholes can be improved by reducing the large drawdown caused by the 

shafts . 



The calculated responses fo r  the base-case and sensitivity simulations 
for the H-1 1 and DOE-I bareholes are shown in Figures 5.4f and 5.4g. 
A t  both locations, a factor of two increase i n  the global tramrnis- 
sivities impraved both t he  calculated drawdown and the calculated 
recovery for t he  time period after April  1984 in response to t he  H-3  
tests. Therefore, the model transmissivities between H-3, DOE-? , and 
H-11 are slightly lower than necessary to reproduce the observed 

transient responses. 

5.2.3 Sensitivity of the Calculated Responses fran t h e  H-4 Test t o  
Transmissivi ty  

The calculated and observed responses during the H-4 convergent-flow 

tracer test for the base-case transient simulation and the two 

sensitivity simulations are shown in ~igure 5.4d. The best t i t  of the 
. . 

calculated responses t o  t h e  observed responses occurred when t h e  

global transmissivities were 'two times the base-case transmissivities. 
The calculated freshwater head values are also much closer t a  the 

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

transmissivities in the H-4 area are slightly lower than necessary to 

reproduce the  observed transient responses. 

5.2.4 Sensitivity of the Calculated Responses frm t h e  WIPP-13 

hrmping Test t o  Transrnissivity 

In the base-case transient simulation, the calculated drawdown at  

WIPP-13 during the WIPPb13 multipad pumping t e s t  w a s  approximately 

twice the observed drawdown. An increase in the global model 

transmissivities by a factor of two significantly reduced the 

difference between the calculated and the observed drawdowns as shown 

on Figure5.4j. Alternatively, in the T-case 2 simulation, Figure 

5.45 shows t h a t  mult iplying t h e  global transmissivity by 0.5 created a 

greater calculated drawdown and delayed recovery at  WIPP-13. 



The calculated drawdown of H-6 best represents the  observed drmdown 

when the global transmissfvities are decreased by 50 percent 
(Figure 5.4e) . me caleulat ed drawdown at DOE-2 was improved f corn the 

base case' when the global transrnissivi ties were decreased by a factor 
of two (Figure 5.4hl. However, the calculated recovery at DOE-2 is 

closer to t h e  observed recovery using the base-case transmissivi ties. 

The calculated responses at  WIFP-12, WIPP-18, WIPP-19, WIPP-21, and 

WIPP-22 were not significantly improved by either of the  global 

changes to the transmissilrity field* Figures 5.4i and 5.4k show the  

calculated responses a t  , WIPP-12 and WIPP-22 as examples of' the 

simulations at these wells. At both wells, the difference between the  

calculated and observed fqeshwater heads is reduced by increasing the 

global transmisslvity. &cause d~awdowns during the WIPP-13 pumping 

test were not adequately simulated at these wells, future modeling 

studies will require additional local changes to the hydrogeologic 

parameters t o  Improve t h e  simulated responses at these locations. 

5.3 Sensitivity of the Transient Calculated Freshwater Heads to 
Storativity 

The storativity used in the initial or base-case transient simulation 

was 2 x 1 om5* Two transient simulations were performed t o  determine the 

sensitivity of the calculated freshwater heads to storativity. In these 

simulations, the transmissivity di s t r ibut ion  was the same as for the  

base-caae or calibrated s teady-s tat e model. In the f icst simulat ion,  

S-case 1 , t h e  storatf v i t y  was increased to 5 x 10-'. The s t o r a t i v i t y  

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

the global changes i n  the storativity are approximately the  same as the  

global changes to the  transrnissivities used Fn the sensitivity analysis 

of transmissivity described i n  Section 5.2. 
r, 



5.3.1 Sensitivity o f  the Shaft-Induced Responses t o  Stdrativity 
. . 

Reducing the  storat i v i  ty by one-half yielded approximately the  same 

pressure response at the shaft  g r i d  block as increasing the  trans- 

missivity by a . factor of two. The, differences between, the calculated 
and observed responses at H-1, H-2, and H-3 due t o  shaft events  

(Figures 5.5a, 5.5b, and 5 . 5 ~ )  i n  the S-case 1 and S-case 2 

simulations are not significantly different than the results 

Uetemlned in the T-case 2 and T-case 1 simulations, respectively. 

Therefore, local changes to both the  transmisslvity and storativity 

will have t o  be made t o  reduce the differences between the calculated 

and observe0 responses. 

5.3.2 Sensitivity of the  Calculated Responses f ran the H-3 Tests to 

Storativity 

The calculated and observed freshwater heads for the  s e n s i t i v i t y  

simulations, S-case 1 and S-case 2, a t  the H-3 hydcopad are illus- 

trated in Figure 5.5~ .  As expected, the  changes in storativity d i d  . 4 

not affect the results as much as the changes in the transmissivity. 

Generally, .using a higher s t o r a t i v i t y  reduced the drawdowns determined 

in the base-case simulation by approximately 6 t o  10 rn during the 

var ious  tests a t  N-3, Alternatively, using a lower s t o r a t i v i t y  

increased the calculated drawdowns in the base-case simulations by 4 m 

to 6 m. In general, the  higher storativity improved the  comparison 

between the 'calculated and observed responses to post-1984 testing 

activities at H-3. 

Figures 5.5a and 5.5b ' show t h e  S-case 1 and S-case 2 simulations far 
the H-f and H-2 boreholes. The base-case storativity produced the 

best relat lve drawdown at  H-1 . Hwever, a lcwer s torativi t y  reduced 

the difference between the calculated and observed drawdowns a t  H-2. 

Using a* storativity of 1 .5 x 10-5 between H-3 and H-2 will probably 



reproduce the observed relative drawdown given the same base-case . 
transmisslvity between these boreholes (approximately 

1 x lom6 rn2/s). This storativity value is slightly lower than the 

value af 3 x- I om5 t h a t  was determined by Beauheim ( I  9874  in 

interpreting the response at  H-2 due to pumping a t  H-3.  This is 

par t ly  because the model transmissivities between H-2 and H-3 are 

slightly different than the average value he reported. 

The calculated responses at H-1 1 and DOE-1 to the  tests at H-3 i n  the  

S-case 2 storativity simulation contain s l i g h t l y  higher calculated 

drawdowns than the Base-case simulations as shown on Figures 5.5f and 

5.5g. The results indicate t ha t  a storativity between the S-case 2 

and the base-case storativity in the v i c in i t y  of the 2 wells is 

probably necessary t o  simulate t h e  observed drawdouns a t  these 

wells. The simulation using the higher global transmissivity, 

T-case 1, provided the best match to the recovery data at  both of 

these locat ions (~igures 5.4f and 5.4g) , 

5.3.3 Sensitivity of the Calculated Responses from the 74-4 Test t o  
. . 

Storativity 

Adjustments to the global storativity did  not significantly reduce the  

differences between t h e  calculated and observed transient freshwater 

heads in the  vicinity of t he  H-4 hydropad. An increase in storativity 

(Figure 5.5d) did reduce the drawdown during the H-4 convergent-flow 
tracer t e s t  , but the  reduction In calculated drawdown was not as great 

as tha t  calculated using an increased global t ransmissi vity 

(Figure  5.4d). Increases in both the transmissivlty and t h e  

stoiativity may be needed to reproduce the transient heads a t  the H-4 

hydropad adequately. 



5.3.4 Sensitivity of the Calculated Responses f ran the WIPP-I 3 
Pumping Test to Storativity 

In the  base-case simulation, the maximum calculated drawdown at 
WIPP-13 was approximately 20 m greater than the observed drawdown. 

Increasing the global storativity t o  5 x f C 5  lowered t h i s  differen& 

t o  approximately 15 rn, whereas decreasing the global sterativity 

increased t h e  difference t o  about 22 m (Figure 5.5 j) . In oontrast, a 
decrease in the global storativity improved the calculated results at 

H-6, WE-2, WIPP-12, WIPP-18, WIPP-19, WIPP-21, and WIPP-22. 

Figures 5.5e, 5.5h, 5.5i, and 5.5k show the calculated and observed 

transient raspo&es a t '  li-6. WE-2, WIPP-12, and WIPP-22. Significant 

reductions in the differences between the  calculated and observed 
responses are obtained at these locations using a lower storativity. 
In the T-case 1 and T-case 2 simulations (Section 5.21, the changes to 

the global transmissivities did not significantly improve the  results 

a t  these boreholes. Only minor improvements resulted when the trans- 
missivity was increased by a factor of two. Therefore, in order t o  

reproduce the observed drawdowns during t h e  WIPP-I 3 pumping test at  

these boreholes, the transmlssivity should be further increased and 

the storativity should be decreased. 

5.4 Summary of Transient Simulations 

'In the  base-case transient simulations, t h e  calculated drawdowns at t h e  

pumping wells H-2, H-3 ,  H - 4 ,  and WIPP-13, are a factor of two greater 

than the observed drawdowns. The calculated drawdowns a t  H-1, H-2, and 

H - 3 ,  due t o  the hydraulic stresses caused by shaft events, are also a 

factor of two greater than the observed drawdown. The calculated 

drawdoms a t  P-14. WE-2, and H-6 in response t o  the WIPP-13 pumping 

test adequately reproduce the observed drawdowns. The calculated 
drawdowns a t  H-1 1 and DOE-1 due t o  the H-3 pumping t&t are also similar 
to the observed drawdowns at these boreholes. 



Semi t i v i t y  simulations were perf omed to d e t e k n e  the  effect of the  

magnitude oP the model transmissivities and stbrativity on the 

calculated t r a n s i e n t  freshwater heads. The simulations demonstrate that 

higher trmsmissivities are needed at H-2, H-3, H-4, and WIPP-13. In 

addition, lower transmissivities are necessary between the shaf t i  and 
H-1, H-2, and H-3, and a higher t r?ansmissivi ty ,  low-storativity zone is 

required between WIPP-13 and the WIPP wells in the vicinity of the 

s h a f t s  t o  reproduce the observed transient responses. 



6.0 CONCLUSIONS 

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

boreholes has enlarged t h e  hydrogeologi c , data base used in hydrologic- 

characterization studies of the WXPP-si te  area. I h e  purpose of th i s  

second interim modeling report is to provide an updated numerical 

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

hydrogeologic data base as of November 1987. The main conclwions are 
presented below. 

( 1 3 The calibrated transmissivity d i s t r i b u t i o n  contains the same 

general trend over the model area as the  observed transmissivities 
with lower t ransrniss ivit ies ( (1 x 1 oh7 m2/s east of 

the WIPP-site boundary, intermediate transmissitivities i n  t h e  

central part of the model area ( 1 x 1 om6 t o  1 x ' 1  mills) and 

high transrnissivities (> I  x 10-3 m2/s )  in the western part of the 

model area representing Nash Draw. Zocal differences to t h e  

general t rend are present west of WIPP-30 and WIPP-26 and between 

H-17 and P-17. Tne transmissivities in these areas were increased 
to reduce the  differences between the calculated and observed 
heads below the uncertainties of t h e  observed heads. The high- 

t r a n s m i s s i v i t y  feature between H-17 and P-I7  is less transmissive 

than a similar feature proposed i n  Haug et a l .  (1987). 

( 2) The steady-state calibrated f seshwater heads illustrate low 

hydraulic gradients ( 1  x 1 o - ~  m/m) north of the WIPP-site boundary 

between WIPP-28 and DOE-2 and south of the WIPP-site boundary 

between H-17 and H-7. Higher g r a d i e n t s  (4 x 10-3 m/m) occur in 

the central part of the model area. 

( 3 )  Tne model-calculated pound-uater-flow directions are 

predominantly sou th  t o  southwest. The largest volume of ground 

water enters the  model area through the northern model boundary 



and enters the high-transmissivity area along the  western part of 
the model representing Nash Draw. A significant portion of the 

ground water within  the WIPP-site boundaries passes through the 

high-transmissivity zone south of H-11 and exits the southern 

boundary of the model area east of H-7. The model-calculated flow 

directions support conclusions from previous modeling and isotopic 
studies that the ground-water chemistry is not a t  steady state 

with respect to ground-water flow, 

The calculated Darcy velocities range over s i x  orders of magpitilde 

in the model area. The highest velocities ( 1  x t o  1 x 

d s )  occur in the western por t ion of the model area representing 

Nash Draw. Darcy velocities within the WIPP-site boundary range 

fran approximately 5 x 10-I m / s  i n  the v i c i n i t y  of the shafts t o  

1 x 1 o - ~  n/s in the high-transmissivity zone south of H-1 1. Darcy 

velocities of 1 x 10-I m/s occur east of. the WIPP-si t e  boundary. 

A sensitivity analysis of the calculated freshwater heads t a the 

high-transmissivity zone between H-17 and P-17 determined that  

differences between the calculated and observed heads i n  the 

v i c i n i t y  of H-11 ranged f ran 3 to 8 in with t r ans rn i s s iv i ty  values 

between H-17 and P-17 ' ( 2  x 1 o - ~  m2/s) three times higher than 

those in the i n i t i a l  kriged estimates ( 6  x 10'~ d / s ) .  The 

differences were reduced t o  less than s i x  meters when the 

transrnissivity values between H-17 and P-17 were increased t o  6 x 

1 m2/s, one order of magnitude higher .  than the i n i t i a l  kriged 

estimates. The differences were ultimately reduced below the 

uncertainties of t h e  observed heads when tine transrnissivi ties 

between H-17 and P-17 were increased  t o  5 x loq5 rn2/s. 

R e  steady-state calibrated transmissivities adequately reproduce 

the observed dcawdowns at  P-14, DOE-2, and H-6 du r ing  the WIPP-13 

rnultipad pumping test. me calculated drawdowns at  H-1 1 and ME-1 



I 

0 
during the simulation of the H-3 rnultipad pumping test are also 

similar t o  the observed drawdowns. The s t e a d y - s t a t e  calibrated 
transmissivit ies do not adequately reproduce the  observed 

transient responses generated from the shaft events or t h e  

observed drawdowns a t  the pumping wells used in t h e  simulation, 

H-2, H-3,  H-4, and WIPP-13. Generally, the calculated drawdown a t  
these wells is a factor of two greater than the  observed drawdarn. 

Similarly, the calculated drawdown due to the shaft e v e n t s  is a 
factor of two greater than the observed drawdown at H-1, H-2, and 

H-3.  I 

(7) Sensitivity analyses performed to determine the effects of the 

model transrnissivities and storativity upon the calculated 

transient heads indicate t ha t  adjustments to t h e  s teady-state 

calibrated transmissivities are necessary to reduce the 

differences between the calculated and observed transient data. 

These andlyses indicate ( f 1 lower transmissivi ties are required 
between the  shafts and H- 1 , H-2, H-3, and the  WIPP wells in the  

vicinity of the  shafts; (2) higher transmissi vities are necessary 

in t h e  vicinity of H-2, H-3, H-4, and WIPP-13; and ( 3 )  a higher 

transmissivi ty , low-storativi ty zone between WIPP-13 and the WXPP 

wells in t he  vicinity of the shafts is necessary t o  reproduce the 
observed transient responses. 

a 
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Southwest corner: 35 72 000 mU 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: 24.0 km 
North - South: 25.0 km 

Grid Block Dimensions (in): 

From West t o  East: 2700, 2600, 2200, 1 1 00, 1000, 700, 600, 700, 

600, 350, 200, 200, 200, 200, f 50, 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, 148, 140, 

190, 300, 360, 220, 220, 220, 340, 220, 

140, 120, 220, 400, 700, 1000, 1400, 1600, 

1800, 1600, 1600, 1500. 

Coordinates and Dimensions of the  



Fluid Properties: References 

Temperature ' = 25 OC r m  (1986) 

Compressibility = 4.53 x lo-" m2/N (25OC) Langguth and Voigt (1 980) 

Thermal 

Expansion Factor = 2.07 x 1 0 ' ~  O C - 1  Kuchl ing ( 1 982 ) 
Heat Capacity = 4.18 x 10'3 J/kg "C Kuchling (1  982) 

viscosi ty  = 1.0 x 10-3 pa s 

Density Fresh = 1000 kg/rn3 

Brine = 2000 kg/m3 

Rock Properties : 

Compressibility = 1.1 x m2/14 Freeze and Cherry I f 979) 
Heat Capacity = 8.0 x 1 of2 J/kg°C Kuchling (1982) 

Density = 2500 kg/m3 Kuchling ( 1 982 ) 

Pansport Properties: 

Langitudinal Dispersivity = 50.0 m Haug et al. (19871 

Transverse Dispersivity = 2.5 m Haug et a1 . ( 1 987) 

Molecular Diffusivkty in 
Geologic Medium = 1 . 6 x l ~ - ' ~ m ~ / s  Bear (19721, ~ertnan(1979) 

Drmn by Dota 

Chackd by M e  

Ravisionu ode Physical Model Constants 

I wm Tschnologiea I Table 3.2 



h 

LOCATION TRANSMISSIVITY STOR ATIVITY 

(log m2/s) (m2/s) (log S) IS) 

H- 1 -6.12 7.56E47 
H-2 -6.25 5.61 E-07 -4.92 1 .20E-05 
H - 3  -5.61 2.47~-06 
H-4 -5.99 1.02E-06 -5.34 4.626-06 
H-5 -6.82 1 -523-07 -4.69 2.05E-05 
H-6 -4.10 7.95E-05 -4.75 1 .80~-05 
H-7 -2.96 1.1 1E-03 -3.09 8.20~-04 
H-8 -5.05 8.863-06 
H-9 -3.76 1 .73E-04 

H-10 -7.12 7.56E-08 
H-1 T -4.56 2.76E-05 -3 03 9.39E-04 
H-12 -6.74 1 ,811 E-07 
H-14 -6.48 3.29E-07 
H-15 -6.88 '1 .32E-07 
H-1 6 -6.12 7.56.E-07 
H-17 -6.67 2. 1 6 ~ - 0 7  
DOE-? -4.93 1.1 9E-05 
WE-2 -4.02 9.61 E-05 
P-14 -3.64 2.30E-04 
P-15 -7 03 9.26~-08 I 

P-17 -5.86 1.38E-06 
P-I 8 -8.73 1 - 8 7 ~ - 0 9  

WIPP- 7 2 -7; 49 3.24E-08 
UIPP-13 -4.13 7 45E-05 
WIPP- 1 8 -6.49 3.24E-07 
WIPP-19 -6.1 9 6.48~-07 
WIPP-21 -6.57 2. TOE-07 
WIPP-22 -6.40 4.00E-07 
WIPP-25 -3.54 2.92E-04 
WIPP-26 -2.87 1 .35E-03 
WIPP-27 -3.15 7.02E-04 
WIPP-28 -4.71 I .94E-05 
WIPP-29 -3.00 I .  OOE-03 
WIPP-30 -6.49 3.24~-07 -4.00 - 1 .00E-04 
ERDA-9 -6.29 5.08E-07 
CB- 1 -6.52 3.02E-07 I 

ENGLE -4.33 4.64E-05 
USGS-1 -3.26 5.54~-04 .-4.70 2.00E-05 

m 
D m  by Dote 

ehsckod by ma Culebra Transmissivity and Storativity 
Ravielona we at the  WIPP-Area Boreholes 

I 

I mm Technologies . I Table 3 . 3  



Selected Linear ?%st-West Trend: 

z = 138.8642 - 0.2354~ 

with Z: log Transrniss ivi ty  (m2/s) 

x: UTM coordinate Ckm East) 

Theoretical Semi-variogram: 

Type : spherical 

: ~ ( h = o E  = o 
3 : Y(O<h<a> = w/l.Th/a - 0.5(h/a) ) + c 

: ~ ( h > a )  = u + c 

, Consistency Check: 

Kriged Average Error : 0.0000 

Kriged Mean Square Error : 0.5 1 61 

Reduced Mean Square Error : 7.0001 

Results 'of the Semi-Variogr 

on the Culebra Transmissivities 

Ran@ : 3.0 km 

S i l l  : 0.94 (w + c3 
Nugget : 0.0 Ic) 



Lucat ion Undisturbed Equivalant UncePtainty 0; 
Freshwater Head ( m  amsl) Observed Head m) 

H-1 921 .6 k2.0 
H-2b 923;5 *2.5 
H-3bl 917.7 k3.0 
H-4b 913.3 i2.0 
H-5 b 933.5 k2.0 
H-6b 932-3 k2.0 

H-7b 1 91 2.6 &I .O 
H-8 b 911.8 *I - 5  
H-9b 907.0 k2.0 
H-1 0b 920.8 k2.5 
H-11 b2 91 2.5 d . 0  
H-12 91 3.5 i1.5 
H-14 91 5.0 +1 - 5  
H-15 91 8.0 k5.0 
H-17 91 3-2 N/ A " 
P-14 927.0 52.0 
P-15 91 6.4 52.5 
P-17 912.6 52.5 

WI PP-12 932.2 k3.0 
WIPP-13 934.0 k2.5 
WIPP-18 930.0 k2.0 
WIPP-25 931 .O k2.0 
wIPP-26 917.5 sl .S 
WIPP-27 937.5 *1 ;5 
WIPP-28 938.1 *I - 5  
WPPP-29 905.4 &I-0 
WIPP-30 93 4; 7 k2.0 

CB-1 91 1.2 k2.0 
WE-1 915.0 52.5 
W E-2 935.4 +2;5 
USGS-1 909.0 &1 .5 

*See Appendix E. 

i 

D m  bv Oats 

chellsd ;by Date Culebca Undisturbed Equivalent Freshwater Heads 
Raviaiona 1 ode and t h e  Associated Uncertainties c 
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I 

I '  I 

tocat ion Formation-Fluid Density 

( g/m3 1 

H-1 1 ,022 
H-2 I ,009 
H-3 1 .036 
H-4 1 ;015 
H - 5  1 .I02 
H-6 1. 039 

H - 7 b  f 001 
H-8b 1 ,000 
11-9b I .001 
H-I Ob 1.047 
H-1 I I .  078 
H-12 1 ,093 
H-14 1 -008 
H - 1 5  1.153 
H-17 1.703 
P-14 1.017 
P-15 1.015 
P-17 1.061 

WIPP- 1 3 1.043 
WI PP -25 1 .008 
WIPP-26 1 iO12 
WIPP-28 I .032 
WIPP-30 I ,020 
Engle 1.001 
DOE-1 1 -088 
DO E-2 1.041 

I 

Drawn by Dula I 

chseksd by oata Culebra Formation-Fluid Densities at the 
Revisions ' I ) ~ o  . WIPP- Area Boreholes 
I 
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nodel Indices Grid 8lock ' Freshuater Fluid 
I J K Center Etev a Head m Density kglm3 --..*.. ..--.-. ..**A- -----."-----.*. -.--.---*- .***- . . -*  -... 

Uestei'n Boundary , ..--..*-.-----.- 
t 1 1 897.5 907.3 1000.0 
7 2 1 899.8 907.5 1000.0 
t 3 t 901 - 2  907.8 1000.0 
1 4 I 902.1 908.2 1000.5 
F 5 1 902.6 908.5 t001.5 
1 b 1 PO1 -8 909.01 1002.2 
f 7 1 901.9 909.3 . 1002.7 
t 8 .  1 901 .g 904.6 1003.0 
1 9 1 9Q1.8 97 0.0 1003.5 
1 10 1 901 -6 , 910.5 1003.5 
1 11 1 901.2 911.1 1003.7 
1 12 t 900.7 917.5 1003.5 
1 13 1 900.0 912.0 1003.4 
1 14 1 899.3 912.4 1003.3 
1 15 1 898.6 912.8 1003. 1 
1 16 1 897.7 913.9 1002.9 I 

1 17 1 896.2 914.4 1002.7 
1 18 1 895.2 914.9 1002.4 
1 19 1 894.5 915.2 ' 3002.3 
1 20 1 893.9 915.5 1002. F 
1 21 1 893.2 91 5 .a 1001 .9 
1 22 1 892.5 9ib.l 1001.7 
1 23 1 891 .B 916.4 1001.5 
t 54 1 891.2 916.7 1001.3 
1 25 1 890.4 917.0 1001.2 I 

1 26 1 889.2 917.5 tOOO,9 
1 27 1 M7.7 918.2 1000.6 
1 28 7 886.4 918.7 1000.4 
1 29 1 885.0 919.2 1000.3 
1 30 1 884.1 919.6 1000.2 
1 3 1 1 883.0 920.1 1000.1 
t 32 1 881.9 920.7 1000.0 
1 33 1 M1.3 921.1 1000.0 
1 34 1 880.9 921.6 1000.0 
1 35 1 880.4 921.7 1000.0 
1 36 1 879.5 922.3 1000.0 
1 37 1 878.3 923.3 1000.0 
1 38 1 877.1 924.6 1000.0 
1 39 1 876.2 925 -9 1000.0 
1 40 1 876.8 928.0 1000.0 
t 41 1 878-3 P30.0 1000.0 
1 42 1 880.9 951 - 5  1000.0 
1 &3 1 883.8 932.6 1000.0 

D m  by B& . 

C h a d  by DOta 

Rsvialona 
Boundary Conditions for t h e  I n i t i a l  Simulation 

Date 

I 

I wm Tech nologiea Table 4.1 
-I 



Model [ d i c e s  Grid Block Freshuater Fluid 
I J K Center Elev m Head m Density k g / d  

--.*-.* ***. . - -  --.-.a *.*--....---.-- -...*-.--- . - - * - - - - - . - * -  

Morthern Boundary 
- -*- . .* . -* . . - . -*-  

1 44 1 886.4 936.5 , 1000.0 
2 44 1 884.7 937.7 1000.9 
3 44 1 879.9 938.3 1009.7 
4 44 1 B8l.t 938.4 1016.7 
5 44 1 881.9 938.4 1021.2 
b 44 1 $82.3 938 -4 3027.7 
7 44 1 882.0 938.4 1031.8 
8 44 1 880.6 938.3 1036.2 
9 64 1 877.8 938.3 1040.8 

10 44 1 875.1 938.2 1044.3 
11 44 1 874.2 938.1 1046.5 
12 14 1 871.7 938.1 1048.1 
1.3 46 1 870.1 938.1 1049.7 
14 44 1 868.5 938.0 1051.3 
15 44 1 867. t 938.0 1052.8 
16 44 1 $65.8 938.0 1054.1 
f 7 44 1 . 864.5 937.9 1055.4 
18 44 1 862.8 937.9 1053.6 
19 14 1 859.7 937.8 1056.3 
20 44 1 855 -3 937.7 1063.1 
21 44 I. 850.1 931.5 1068.5 
22 44 1 843.1 937.4 1076.4 
23 44 1 833.4 937.1 1086.3 
24 44 1 815.6 936.7 1105.4 
25 44 1 785.9 936. 1 1136.7 
26 44 1 755.3 935.7 1163.a 

Southern Boundary 
-a-.-...*.----..- 

2 1 1 893.2 909.7 1000.0 
3 1 1 886.9 910.8 1000.0 
4 1 1 880.5 910.5 1000.9 
5 1 1 87k.7 910.4 1004.7 
b 1 1 869.1 910.3 1008.7 
T 1 1 864.2 910.3 1012.9 
a 1 1 858.9 910.3 1017.4 
9 1 1 855.3 910.2 f 022.4 
10 1 1 850.6 910.2 7026.8 
11 I .  1 E47.8 9tQ.2 1029.3 
12 1 1 845.7 910.2 1036.1 
13 1 1 843.5 910.2 1035.0 
14 1 1 841.3 910.2 1036.5 
15 1 1 839.3 910.2 1038.3 
16 1 1 837.6 910.2 t 039.7 
17 I 1 835.8 910.2 1041.1 
18 1 1 833.4 910.2 1063.0 
19 1 1 829.1 910.3 1045.7 
20 1 1 823.1 910.7 1047.7 
21 1 I 815.8 913.0 1051.7 
22 1 1 806.2 91 1 .S 1055.9 
24 1 1 793.4 912.5 1060.0 
24 1 1 771 -9 914-2 1062.9 
Z5 1 1 740.7 937.1 1060.6 
26 1 1 709.3 920.2 1055.1 

Z 

Dmwn by Dota 

Cksckd by Dote - aoundary Conditions for  t h e  I n i t i a l  S l m i i l n t i ~ t l  
Revloions Ddo 

1 - I  
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Difference Between 
Calculated and Observed Uncertainty of Observed 

Freshwater Head (m) Freshwater Head (m) 

*See Appendix E. 

D i f  f esences &tween Calculated and Observed 

Freshwater Heads Tor the Init ial  Simulation. 





M e d e l  Indices Grid Black Freshueter Ftuid 
I J K Center E l w  m Bead m Dens i t y kg/m3 --.-._. -- * . - - -  . * - - * *  -..-**.-..*.--. . * * . - - * - . *  ..*.-.-*-.-. . 

Northern Boundary 
. - * * - - - = - - - . - - . . -  

1 44 1 1000*0 
2 44 1 1000.9 
3 44 1 1009.7 
4 46 1 1016.7 
5 44 1 1021.2 
6 44 1 
7 

1027.7 
44 1 1031 .€i 

8 44 1 1036.2 
9 64 3 1040.8 

10 44 I 1044.3 
11 44 1 1046.5 
12 64 1 . 

1048.1 
13 44 1 1049.7 
14 44 1 1051.3 
15 44 1 1052.8 
16 44 I 1054.1 
17 44 1 1055.4 
18 44 1 1053.4 
t9 6.4 1 1056.3 
20 64 1 1 063.1 
21 44 1 io6a.5 
22 44 1 1076.4 
23 44 1 1086.3 
24 14  1 1305.4 
25 44 1 1134.7 
26 44 1 1163.0 

Southern Poundary 
- - - - - . - - * . * * . * * * -  

2 1 1 1000.0 
3 t 1 
4 

1000.0 
1 1 1000.9 

5 f 1 1004.7 
6 1 1 
f 

1008.7 
1 1 1012.9 

8 1 1 
9 

1017.4 
1 a 1022.4 

TO 1 1 1026.8 
11 I 1 1029.4 
12 1 1 
13 

1031.1 
1 1 1035.0 

1.4 1 1 1036.8 
15 1 1 1038.3 
16 1 1 1039.7 
17 1 1 1041.1 
18 1 1 1043.0 
19 1 1 1045.7 
20 1 1 1047.7 
21 1 1 1051.7 
22 1 1 1055.9 
23 I 1 
24 

1060.0 
1 1 

25 
1062.9 

1 1 1060.6 
26 . I 1 1055.1 

L ' Drawn by Oatu 

C ~ O C M  by ode Boundary Condit ions for the Steady-State 
Ravlaionm Date Calibrated Model 

1 mm Technologies Table 4 . 3  (cont.) 



Difference Eetween 
Locat ion Calculated and Observed Uncertainty of Observed 

Freshwater Head Im) Freshwater Head Irn) 

H- 1 -1.37 k2.0 
H-2 .24 k2.5 
H-3  -1.68 k3.0 
H-4 -a33 22.0 
H-5 1.69 k2.0 
H-6 1.47 k2.0 
H-7 -2.13 kt .O 
H-10 -1 -04  k2.5 
H-1 l 1.54 k2.0 
H-12 .64 S1.5 
H-14 .81 i1.5 
H-15 2.09 55.0 
8-1 7 .89 N/A* 
P-I 4 .98 32.0 
P-15 .50 k2.5 
P-17 . -1.17 k2.5 

Wf PP-12 33 a3.0 
WIPP-13 -47 k2.5 
WIPP-1 8 -1.413 

\'k k2.0 
WIPP-25 -1 -67 k2.O 
WIPP-26 ,211 *I '5 
WIPP-27 .55 *I .5 
WIPP-28 -32 *I m 5  
WIPP-30 .43 s2.0 
CB- 1 .49 i2.0 
DOE-1 32 r 

k2.5 
WE-2 .46 k2.5 

isee Appendix E. 

Freshwater Heads for  the Steady-State 



Differences Between 
Locat ion Calccllat ed and Observed Uncertainty of Observed 

Freshwater Head (rn) Freshwater Head (rnl 

H- l 1 . I 1  552.0 
H-2 1.B k2.5 
H-3 1.83 k3.0 
H-4 2.67 i2.0 
H-5 1.89 k2;O 
H-6 1.48 k2.0 
H-7 -2.13 *I -0 
H-10 -.98 k2.5 
H-1 I 5.16 k2.O 
H-12 .91 +I .5 
H-14 3.93 +I .5 
H-15 5.01 i5.0 
H-17 3.07 N/A* 
P-14 1.01 22.0 
P-15 1.34 Q. 5 
P-17 .79 52.5 

WIPP-12 .74 k3.0 
WIPP-13 .50 k2.5 
WIPP-18 -. 36 k2.O 
WIPP-25 . -1.67 ~ 2 . 0  
w~PP-26 ' .24 *I -5 
WIPP-27 .55 *I - 5  
WIPP-28 . '  32 +I .5 
WIPP-30 .44 *2.0 tc ' 

CB-1 3.31 k2.0 
WE-1 4.00 ?2.5 
WE-2 * .48 i2.5 

*See Appendix E. 

Omwn by Dote Differences Between Calculated and Observed 
C ~ ~ C M  by Ode freshwater Heads for Sensitivity Case 2 
Rsviaiona M U  ( Intermediate-Transmissivi t y-value Pilot 

P o i n t s  Near H-1 1 1 
r 

I 
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~ i f  rerenee3 %tween 
Location Calculated and Observed Uncertainty qf Observed 

Freshwater Head (rnl Freshwater Head (mS 

H-1 3.63 k2.0 
H-2 3.63 k2.5 
H-3 5.26 k3.0 
H-4 4.06 k2,O 
H-5 1 2.09 52.0 
H-6 1.48 k2.0 
H-7 -2.12 &1*0 ' 

H-10 -. 91 k2.5 
H-11 ' 8.65 *2.O 
A-1 2 t .O4 kt .5 
H-14 7.70 *I-5 
H-15 7.79 k5.0 
H-17 5-52 N/A" 
P-I4 m 91 k2.0 
P-15 1.04 k2.5 
P-17 2.87 #2*5 

WIPP-12 1.13 - +3.0 
WIPP-13 .51 k2.5 
WIPP-1 8 .65 k2.0 
WIPP-25 -1 -68 k2.0 
WIPP-26 -24 51 -5 
WIPP-27 .55 51 *5 
WIPP-28 32 *I -5 
WIPP-30 -44 k2.0 
CB-1 5.41 k2.0 

DOE-1 7.41 42.5 
DOE-2 .49 k2.5 

"See Appendix E. 

Dmwn by Date Differences &tween Calculated and Observed 
ehnellsd by Oats .- Freshwater Heads for Sensitivity Case 1 
Revisions Data {Without High-Transmissi~i ty-Value P i lo t  

Points Near H-1 1 ) 
R 

I hmirn Tschnologiea . . Table A.5 
A 



Difference Between 
Location Calculated and Observed Uncertainty of Observed 

Freshwater Head (rn) Freshwater Head (m) 

H- 1 -.08 k2 0 
H-2 1.22 a k2.5 
H-3 . 00 *3.0 
H-4 1.43 k2.0 

I H-5 2.00 k2.0 
H-6 1.72 k2.0 
H-7 -. 24 icf .O 
H-f O -.68 k2.5 
H-I 1 3.39 ~ 2 . 0  
A-1 2 2.50 k1 " 5  
H-? 4 2.38 +I .5 
H-15 3-58 +5.0 
H-17 2.78 N/A* 
P-14 1.54 i2.0 
P-15 1.89 t2.5 
P-17 73 k2.5 

WIPP-12 .74 a . 0  
WIPP-I 3 .71 k2.5 
WIPP-1 8 -.71 k2.0 
MIPP-25 -1 -23,  k2.0 
WIPP-26 1.49 *I - 5  
WIPP-27 ,611 *I -5 
WPP-28 39 i1.5 
WIPP-30 .61 k2.0 
CB- 1 2.34 k2.0 

DOE-1 2.14 k2.5 
WE-2 .69 k2.5 

"See Appendix E. 

Omwn by D& Differences Between Calculated and Observed 
c h a d  by D O ~ U  Freshwater Heads for Sensitivity Case 3 --- 
Revlaiena ~a ( Increased Heads Along the  Southwestern 

b u n d a r  i es ) 

I wm Technologies Table  4.7 
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APPENDIX A BOREHOLE COORDINATES 

A spreadsheet of the borehole coordinates (Table A, 1) was generated to 
reduce the possibility of error in calculating UTM coordinates f o r  t h e  

WIPP-area borehales. A spreadsheet program w a s  u t i l i z e d  t o  ealcul at e the 

r e l a t i v e - d i s t a n c e  vector from a borehole t o  t h e  nearest reference borehole 

within the same township and range. A reference borehole is a borehole 

which has Um coordinates detecmined by. the  sa te l l i te  survey perf omed I n  

t984 (Hydro Geo Chem, 1985). These boreholes are identified in the 

reference column of the spreadsheet with SAT SUR 84. With the exception 
of t h e  reference borehales, the  reference column refers the reader to the 

data source for the distances used to locate a w e l l  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 dlgori th rotates the distance 

components 0.633 degrees cl ockwi se ta the UTM-mrdi nate sys tern: This 

occurs because the township and range coordinate system is not paral le l  to 

the UTM-coordinate system. Thus, a rotation of t h e  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 f run df  Pf erences of re1 a t  i ve angles between boreholes using UTM 

satellite survey values and township and range values. The UTM . 

coordinates f o r  a borehole are then simply the addition of t h e  UTM 

re1 at ive-di s tance vector t o  the UTM coordinates of 1 ts reference borehole. 

REFERENCES 

Beauheirn, R. L., 1987. Interpretat ions of Single-Well Hydrau l ic  Tests 
Conducted at and Near the Waste Isolation Pilot  Plant (WIPP) Site, 

1 983 -1 987. Sandia National taborat or i es , SAND874039. 

a 
H09700R554 A - 1  

- * 



Cooper, J.B. and V.M. Clmzman, 1971. GeohydroLagy of Project Gnane Si te , .  
e 

Eddy County, New Mexf co, U. S. Ceologi eal Survey, Professional %per 
712-A, 28 p. 

Hydro Geo Chem, Inc,, 1985. WIPP Hydrology Program, Waste Isola t ion Pilot 

plant ,  SENM, Iiydrologic Data Report # I .  Sandia National 

Laboratories, Contractor Report S m 5 - 7 2 0 6 ,  71 0 p .  

Jarolimek, L., M. J. Timer, and D.W. Powers, 1983. Correlation of 

Drillhole and Shaft L o g s ,  Waste Isolation Pilot  P l a n t  (WIPP) Project, 
Southeastern New Mexico. U. S. Department of Energy, TME 31 79. 

Kelley , V. A., and J. F. Pickens, 1986. Interpretation of. t he  Convergent- 
Flm Tracer Tests Conducted in the Culebra Dolomite at the H-3 and 

H-4 Hydropads at the Waste Isolation Pilot Plant (WIPP) Site. Sandia 

National Laboratories, Contractor Report SAND86-7161. 

i 
Mercer, J.w.,  1983. ~ & h y d r o l o ~ y  of ,the Pmposed Waste  sola at ion Pi lo t  

Plant' Site, Los Medanos Area, Southeastern New Mexico. U.S. 

Geolcgieal Survey, Water-Resources Investigations 83-4016, 113 p .  

Reddy , D; , 1 986. Personal Cmunlca t ion  , Carlsbad , New Mexico. 

Reddy , D. , 1 987. Personal C m u n f  cat i on, Carl sbad, New Mexico . 



t 

-=c-*---=--=---m---m P---P-SCS-=-_qp=-- 

WIPP-SITE OBSEUVATIOB-WELL UTM COORDINATE CALCULATIONS 

OBSERVATION LOCATfON DISTANCE IR FEET UTEl RE'FEREHCE REFERENCES 
WELL SEC T B FROM SECTION LIHES COORDZRATES WELL 

FNL FEL NORTH EAST 
- - -=C=-= - -1 - -5 - I I -m- -5~ - -=rn- -=P- - -~ - - - -  

8-1 29 TZLS R31E 623.31 1082.75 3581672.40 613426.50 SAT SUR &4 
H-2k 29 T22S R31E f Z 6 . 1 7  3581.57 3581649.47 612664.55 R-1 MERCER 83 
8-28 29 T22S R31E 695.57 3619.43 3581658.32 612653.11 8-1 MERCER 83 
H-2C 29 TZZS R31E 637.15 3571.38 3581676.57 612667.96 8-1 MERCER 83 

H-3B1 29 T2ZS R31E 3194.70 138.10 3580885.50 613705.75 H-1 MERCER 83 
8-3BZ 29 T2ZS R31E 3157.98 231.32 3580897.00 613677.48 H - l  SAND86-7161 
H-3B3 29 f2ZS R31E 3256.07 217.77 3580856.45 613681.26 5-3 SAND86-7161 

H-4A 5 T23S R31E 545.89 4560.00 3578465.35 612404.00 8-48 MERCER 83 
H-4& 5 T23S R31E 498.47 4647.46 3578480.10 612377.50 SAT SUR 84 
B-4C 5 T23S R31E 446.36 4562.11 3578495.69 612403.69 B-4B MERCER 83 
8-5A 15 TZ3S R31E 1093.12 184.33 3584782.92 616882.79 SAT SUB 84 
H-5B 15 I 2 3 S  R31E 1005.80 234.21 3584009.40 616867.88 El-5A MERCER 83 
H-5C 15 T23S R31E 1005.47 134.20 3584809.16 616898.36 8-5A MERCER 83 
H-6A 18 T22S R31E 283.80 5005.07 3584962.35 610584.55 H-6C MERCER 83 
H-68 18 f22S B31E 195.61 6357.85  3584989.07 610599.24 B-6C MERCER 83 
H-6C 18 T22S 831E 280.61 4909.19 3584962.98 610615.00 SAT SUR 84 
H-7A 14 T23S R31E 2495.04 2787.65 3574668.93 608104.17 SAT SUR 8 4  

R - 7 B 1  14 TZ3S R30E 2565,80 2716.55 3574647.12 608125.50 H-?A MERCER 83 
H-7C 14 T23S R30E 2591.93 2812.49 3574639.48 608096.27 B-?A MERCER 83 
H-8A 23 T24S R30E 1962.61 1486.59 3563566.60 608641.83  tl-8B MERCER 83 
H-85 23 TZ4S R30E 1991.76 1405.39 3563556.53 608666.49 SAT SUR 84 
H-8C 23 TZ4S R30E 2059.39 1470.14 3563537.05 608646.54 E-80 MERCER 83 
H-9A 4 T24S R31E 2392.14 5141.08 3568265.50 813946.29 8-9B MERCER 83 
- 9  4 T Z 4 S  R31E 2391.04 4996.37 3568265.35 613990.40 SAT SUB 84 
H-9C 4 T24S 831E 2479.06 5091.98 3568238.84 613960.96 B-QB MERCER 83 
H-1OA 20 TZ3S R32E 4846.96 2068.91 3572460.79 622953.64 H-105 MERCER 83 
H-1OB 20 T23S R32E 4795.46 1984.84 3572476.20 622979.44 SAT SUR 84 
8-1OC 20 T23S R32E 4895.46 1981.84 3572445,73 622980.02 E-108 HERCER 83 
H-1IB1 33 T22S R31E 3769.33 173.91 3579137.19 515338.97 H-llB3 REDDY 7/86 
H-1152 33 T225 R31E 3843.84 168.62 3579114.47 615340.33 A-1183 REDDY 7/86 
H-llB3 33 T22S R31E 3778.49 105.22 3579134.17 615359.87 SAT SUR 84 

I A-12 . 3575441.64 617017.60 SAT SUIl 84 
I H-14 20 T22S R31E 4907.&0 4717,60 3580378.80 612304.22 8-1 REDDY 10186 

H-15 28 T2ZS R31E 88.67 174.30 3581814.50 615314.45 8-1 REDDY 10186 
H-16 20 T22S R31E 4167.19 1241.19 3582202.08 613384.06 H-1 REODY 8/87 
W-17 3 T23S R31E 3814.00 4287.00 3577432.79 615694.72 A-1B REDDY 8/87 
8-18 20 t22S R31E 968.00 4834.00 3583190.47 612299.82 H - 1  REDDY 9/87 

P-1 29 TZ2S R31E 4952.00 4728.00 3580365.36 612300.90 8-1 MERCER 83 
P-2 28 TZZS R31E 121.00 111.00 3581804.64 615315.35 H - 1  HERCER 83 
P-3 20 T22S 831E 5176.00 3126.00 3581900.98 612886.20 H-1 MERCER 83 
P-4 28 T22S R31E 5131.00 1485.00 3580282.09 614897.98 H - 1  MERCER 83 
P-S 17 T22S R31E 5094.00 160.00 3583525.22 613728.26 E - 1  MERCER 83 
P-6 30 T225 R31E 2509.00 5085.00 3581128.84 610591.06 8-1 MERCER 83 
P-7 5 1235 R51E 514.00 4887.00 3578476,17 612304.45 H-4B MERCER 83 
P-8 4 ~ 2 3 ~  ~ 3 1 ~  640.00 5188.00 3578421.00 613821.54 8 - 4 ~  MERCER 83 
F-9 33 T22S R3fE 3787.00 126.00 3579186.28 615329.13 P-18 MERCER 03 
P-10 26 T22S R31E 2342.00 4957.00 3581216.96 617098.20 P-18 MERCER 83 
P-ll 23 T22S R31E 156.00 5097.00 3583458.04 616980.12 H-5A MERCER 83 
P-12 24 T22S R30E 165.00 198.00 3583421.53 610462.71 P-14 MERCER 83 
P-13 18 TZ2S R31E 110.00 5133.00 3585015.76 614546.14 8-6C MERCER 83 
P-14 24 1225 R30E 4971.00 4667.00 3581931.79 609084.43 SAT SUR 84 
P-15 31 TZZS R31E 4869.00 5090.00 3578739.00 610624.60 SAT SLIIl 84 
P-16 5 T23S R31E 4341.00 3633.00 3577305.54 832673.75 E-4B HERCER 83 
P-17 4 T23S R31E 3924 .00  4882.00 3577419.05 613903.74 I-4B MERCER 83 

o r a m  by Ode 

Chocked by Date 

Ravlsiana 
~f PP-Area Borehol e UT;UI Coordinates 

Dote 

lB9700 R554 

1 Wrn Technologies Table A.7  



~LIIIII~ltll-m--~I-=-eeIrPa-8459F--51-51----CPIIfl-L.l~-~--m- 

Wf PP-SITE OBSEUVATION-WELL UTH CcORDI NATE CAteVLATf ONS 

OBSERVAT ION LCCATTON DISTANCE XE FEET UM REFEREHCE REFERENCES 
WELL SEC T R FROM SECTION LXAES COORDIHATES WELL 

FNC FEL UORTH EAST 
--=~cp----~-=---~~~~-----mrn-~--------~-ra--m 

IP-18 28 T22S R31E 5141.00 733.00 3580349.33 618376.18 SAT SUR 84 
P-19 23 T22S R31E 3528.00 2945.00 3582&27 .18  617724.88 P-18 MERCER 83 
P-20 14 TZZS R31E 4479.00 79.00 3583732.81 618512.75 8-5A KERCER 83 
P-21 15 T22S R31E 859.00 130.00 3584854.09 616900.14 If-5h MERCER 83 

WIPP-11 9 T22S R31E 7 1 1 . P 7  4885.92 3586564.41 613832.91 AEC-8 MERCER 83 
WIPP-12 17 TZZS R31E 5132.10 83-91 3583513.35 613751.32 B - 1  MERCER 83 
WIPP-13 17 T22S R31E 2714.32 3549.41  3584261.93 612703.23 H - 1  MERCER 63 
WIPP-16 5 T21S RJOE 2925.00 5140.00 3597063.02 602457.22 HfPP-27 MERCER 83 
WIPP-18 20 T22S R31E 9 8 3 . 5 8  11.45 3583168.25 613769.59 B - I  MERCER 83 
WIPP-18 20 T22S R31E 2292.56 12.68 3582769.27 613364.81 E - 1  MERCER 83 
WIPP-21 20 T22S R31E 3728.92 11.74 3582331.51 613760.25 B - l  MERCER 03 
WIPP-22 20 T22S R31E 2735.55 11.94 3582634.28 613763.54 R - 1  MERCER 83 
WIPP-25 15 TZZS R30E 3427.28 2838.10 3584025.22 506386.67 SAT SUR 84 
WIPP-26 29 T2ZS R30E 2232.27 12.20 3581041.22 603994.77 5AT SUR 84 
WIPP-27 21 T21S R30E 89.79  3394 - 9 7  3 5 9 3 0 7 7 . 0 3  604432.62 SAT SUB 84 
WIPP-28 1 B  T21S R31E 98.72 2400.99 3594734.96 611376.g3 WIPP-30 SAT SUR 84 
WIPP-29 34 T22S R29E 4873.38 1827.54  3 5 7 8 7 7 3 . 0 0  596940.83 SAT SUR 84 
WIPP-30 33 T2lS R31E 667.50 5102.59 3589707.33 613116.77 SAT SUS 84 
WIPP-33 13 T22S R30E 3518.00 2853.00 358h017.80 509659.99 P-14 MERCER 83 
WIPP-34 9 TZZS R31E 5078.00 3280.00 3585228.02 614307.66 AEC-8 MERCER 83 

AEC-7 31 T21S 8322 2040.00 2040.00 3589376.43 621131.67 SAT SUR 84 
AEC-8 11 T22S R31E 935.00 3301.00 3586455.24 617533.75 SAT SUR 84 

ERDA-6 35 T21S R31E 3128.00 910.00 3588907.71 618204.85 WIPP-30 MRCER 83 
ERUA-EI 211 T22S R31E 5012.77 176.74 3581940.75 613705 -64  I- 1 NERCER 83 
UIDA-10 34 T23S R302 200.00 2327.00 3570556.88 606589.67 B-76 MERCER 83 

CB-1  5 TZJS R31E 1989.50 2017.06 3578016.79 61317h.18 a -4B  E D D Y  2/07  
ENGLE 4 TZ4S R31E -5020.00 1980.00 3567453.92 614900.89 8-98 SAND87-0039 

USGS-1 34 T23S R30E 3630.00 2970.00 3569513.62 506382.14 tI-7A COOPER GLANZ 
FF-127 2 7233 R30E 4067i50 412.50 3577156.37 608855.66 8-7A COOPER GLANZ 
DOE-I 28 T22S R31E 5098.00 610.00 3580298.26 615196.33 SAT S U R  84 
DOE-2 8 f2ZS R31E 4575.93 128.19 3585119.40 613720.11 SAT SUR 84 

WHS 20 T22S R31E 4612.00 551.00 3552064.18 813592.92 E-I DOE RPT# m 3 1 7 9  
CSS 20 T22S R31E 4212.00 576.00 3582186.18 613586.65 1-1 DOE RPTd THE3179 
E X S  20 TZ2S R31E 4612.00 191.00 3552062.83 613714.83 R-1 DOE RPT# TME3179 

Drawn by Ode 

Checkad by Data .. 
Raviaiona oat* WfPP-Area Borehole U'I7l Coordinates 
H39700FS54 
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APPENDIX B CULEBRA-ELEVATIONS 

The Culebra elevations in meters above mean sea level (m amsl)  in  the 

WIPP-area boreholes are presented in.  Table B.1. elevations are 
calculated frm the referenced pound-surface elevations and the 

stratigraphic inf omat ion taken from data sources for these particular 
boreholes. Several sefesences are used for the ground-surface e l eva t ion  
values including published references, personal m u n i c a t f o n  with 

R. L. Beauheim at  Sandia National Laboratories , and recent - surveys 

performed by D. Reddy of Carlsbad, New Mexico: Where possible, the  

Beauheim-recanmended elevation was chosen as the m o s t  representative. 

In instances where boreholes did not have a Bzauheim-recommended value, 
other ref ereices were used t o  deternine a ground-surface elevation. 

. f 

The depths t o  the Culebra top, center, and bottom are listed in Table 8.1 

and are taken from IMTERA (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 listed in Table B. 1 . 
These values are calculated from the  surface elevations and depth values. 

REFERENCES : 

Beawheirn, R. L. , 1 987. Interpretat Ions of Single-Well Hydraulic Tests 
Conducted at and Near the Waste Isolation Pilot Plant IWIPP) Site, 

1 983-1 987. Sandia National Laboratories , SAND87-0039. 

Davi es, P. B. , 1 988. Variable-Densi t y  Ground-Water Flow and Paleohydrology 

in  the Region Surrounding the Waste Isolation Pilot Plant (WIPP) , 
Southeastern New Mexico. U.S. Geological Survey, Water Resources 

Investigations. 
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INTERA Technologies, IRC., 1 986. WIPP Hydrology Program, Waste Isolation 

Pilot Plant, SENM, ~ydrologic Data Report 83.  Sandia National 

Laboratories, Contractor Report SANM6-7109. 

INTER& Technologies, 1987. F i e l d  Operations Plan for Monitoring of 

Ground-Water Observation Wells at the Waste Isolation P i l o t  P l a n t  

(WIPP} Site. .Prepared for 'Sandia National Laboratori e- . 

Mercer, ' J. W., + f 983. Geohydrology of the Proposed Waste Isolation Pilot 
-Plant Site, Los Medanos Area, Southeastern New Mexico. U.S. 

Geolcgi cal Survey, Wat er-Resources Investigations 83 -401 6 ,  1 13 p . 

Reddy , D. , 1 986. Pemonal- Canmunication , Carlsbad, New Mexico. 

Reddy , D., 1987. Personal Cmunicat ion,  Carlsbad, New Mexi ctl , 
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ELEVATION DATA BASE UPDATED 12-29-87 

WELL GRUUND- GRWNP- CULEBRk CULEBRA WL 
SURFACE ELEV SURFACE ELEV DEPTH ELEVAT I OH THICK 

FT AMSL SOURCE F7 BGf n AHSL H .  
T r B T  c B 

=================================---- -----JE---,-- ------=1===1 

H - 1  3397.9 MERCER 83 676 688 699 829.6 826.1 822.6 7.0 

H-2A 3373.8 RPB 623 634 645 839.7 836.3 833.0 6.7 
H-2B1 3377.6 RLB 626 633 642 839.3 836.6 833.8 5.5 
H-ZBZ 3377.6 REDDY 623 634 645 839.6 836.2 832.9 6.7 
H-2C 3377.7 RLB 624 633 642 839.3 836.6 833.8 5.5 

H-3B1 3389.4 RLB 670 685 694 828.9 825.2 821.6 7.3 
H-382 3388.3 586 -7109  676 688 700 826.7 823.1 8t9.4 7.3 
H-3B3 3387.1 S86-7109 673 685 696 827.3 823.8 820.3 7.0 

H - l b  3332.8 RLB 496 508 520 864.7 861.0 857.3 7.3 
H-4B 3332.7 RLB 490 503 516 866.4 862.5 858.5 7.9 
H-GC 3332.5 R L B  GPO 503 516 866.4 862.4 858.5 7.9 

H-5A 3505.6 RLB 897 909 920 795.1 797.6 788.1 7.0 
H-58 3505.4 RLB 897 909 920 795.0 791.5 788.0 7.0 
R - S C  3505 -8 RLB 8 W  9121 924 ?9&.5 JP0.7 786.9 7.6 

H-66 3347.3 MERCER 83 604 616 627 836.1 832.6 829.1 7.0 
H-68 5347.6 MERCER 83 604 676 627 836.2 832.7 829.2 7.0 
H-6C 3347.9 M E R C E R 8 3  604 616 627 836.3 832.8 829.3 7.0 

H-781 3163.6 RLB 237 256 274 892.0 886.6 880.8 11.3 
H-?a2 3164.0 CALCULATED 237 256 274 892.1 886.5 880.9 11.3 
H-7t 3763.4 RLB 237 256 276 892.0 886.3 880.7 11.3 

H-88 3433.8 S87-0039 588 601 614 867.4 863.4 859.5 7.9 
H-8C 3433 - 0  M E R C E R 8 3  588 601 614 867.2 863.2 859.2 7,P 

R-PA 3405.4 RPB 647 662 677 840.8 836.2 831.6 9.1 
H-9B 3405.6 MERCER83  647 662 677 840.8 836.2 831.7 9.t 
H-PC 3405.9 MERCER 83 647 662 6?7 840.9 836.3 837.8 9.1 

H-1OB 3687.0 MERCER 83 1360 1476 $397 709.3 704.5 699.8 9.4 
H- 1OC 3686.9 MERCER 83 1360 3376 1391 709.2 704.5 699.8 9.6 

H-11B1 3412.7 REDDY 730 743 756 817.5 813.5 809.6 7.9 
H-1182 3412.1 REODY 733 745 757 816.6 812.9 809.3 7.3 
H-1183 3412.1 REDDY 734 747 759 816.3 812.5 808.7 7.6 

H-12 3426.0 REDOY 823 837 850 793.4 789.3 785.2 8.2 

H-14 3345.6 RLB 545 559 fR 853.6 849.5 815.4 8.2 

H-15 3480.2 RLfl 861 872 883 798.3 795.0 fP1.6 6.7 

H-16 3409.6 REDDY 700 712 724 826.0 822.2 818.4 7.6 

H-17 3384.0 REDDY 706 719 731 816.3 812.4 808.5 7.8 

Drawn by Dub 

Chacked by Data . Grmnd-Surface and Culebsa.Dolomite 
Revisions Data 

1 ~ 9 7 0 0 ~ 4 5 4  
Elevations for NIPP-Area Boreholes 
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ELEVATlOH DATA BASE - UPDATED 12-29-87 

UELL GROUND - GRWIHD- CUtEBRA EULEBRA CUL 
SURFACE ELEV SURFACE ELEV DEPTH ELEVATION T H I C K  

FT AHSL SOURCE FT BGS M AMSL A 
Y l C I l T  C B 

= = = = = = = = = = = = = = = = = ~ ~ ~ ~ ~ ~ ~ ~ = = = = a = = = = = ~ = = = = = = = = = = = = = = = = = = = = = = = = = = n n a ~ = z = ~ ~ m ~ ~ ~ = r z = ~ Z = = = = = = = = =  

DOE- 1 3465.1 REDD~' 820 832 843 606.2 802 . t  799.2 7.0 

DOE - 2 3418.4 RLB 824 835 846 790.8 787.4 784.1 6.7 

P-1 3345.1 MERCER 83 538 552 565 855.6 851 -5  847.4 8.2 

P-2 3479.4 M E R C E R 8 3  857 870 M3 799.3 795.3 n f . 4  7.9 

P-3 3182.7 M E R C E R 8 3  642 654 6455 835.4 831.9 €28.4 7.0 

P-4 3443.8 MERCER= mi 789 802 8f3.5 809.3 805.2 8.2 

P-5 3470.9 M E R C E R 8 3  804 816 827 812.9 809.4 805.9 7.0 

P-6 3354.1 MERCER83 537 549 560 858.7 855.1 851.b 7.0 

P.7 3332.0 MERCER 83 496 509 522 864.4 860.5 856.5 7.9 

P-8 3338.6 MERCER 83 563 576 588 846.0 842.2 838.6 7.6 

P-P 341 1 ,S M E R C E R 8 3  b 746 757 816.1 812.6 809.1 7.0 . 

P-10 3509.3 MERCER a3 931 944 957 785.9 7 a i  -9 777.9 7.9 

P-11 3503 -9 MERCER 83 912 925 938 790.0 786.Q 782.1 7.9 

P-12 33J3.6 MERCER 83 633 645 656 835.3 831.8 828.3 7.0 

P- 73 3345.2 MERCER83 604 616 627 835.5 832.0 828.5 7.0 

P- 14 3359.8 REDDY 573 584 5% 849.4 846.1 842.7 6.7 

P-  1.5 3309,8 RLB 413 424 435 882.9 839.6 876.2 6.7 

P- $4 331 7.9 MERCER83 500 512 524 858.9 855.4 851.9 7.0 

P-77 3335.8 REDDY 558 571 583 846.7 842.9 839.1 7.6 

P-18 3477.3 REDOY 912 926 940 781.9 M.6 m.4 8.5 

P- 79 3545.1 R E R C E R R 3  967 982 997 785.8 781.2 n6.7 9.1 

P-20 3552.7 MERCER 83 953 966 979 792.4 788.4 784.5 7.9 

P-27 350P.O M E R C E R M  899 9t2  924 795.5 79I.7 787.9 7.6 

WIPP-11 3426.1 MERCER 83 844 856 867 787.0 783.5 780.0 7.0  

WIPP-72 3471.3 REODY 810 823 835 811.2 807.4 B05.5 7.6 

Y?PP-13 3605.4 RLB 701 7t3 724 824.3 820.8 817.3 7.0 

Drawn by 

check~d by 

Rsvisiona 

m9700F1554 

Date 

h i e  Ground-Surface and Culebra Dolomite 
Data Elevations for WIPP-Area Boreholes 
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ELEVATION DATA BASE - UPDATED 12-29-87 

UELL GRWHD- GRUl ID-  CULEBRA CULEBRA ett L 
SURFACE €LEV SURFACE €LEV DEPTH ELEVAT IOU T H I C K  

F f  AHSL SOURCE FT BGS n ANSL n 
f C 0 T  

- I - - - - l - - . I * - - -" - . -e ' -3=t - -3=t - - - -  dl-"-=--"-*----"----*-=----- 

C B 
_----,_-- ,----, ,- ----,,--- ,,--=,---- ---- ,,,---*,,,- -,---=LT-L====~=-'===s==Pli-= 

UIPP-18 3456.6 RLB 187 798 808 813.6 810.4 807.2 6.4 

WIPP-19 3433.1 S 83-0039 756 768 i V  816.0 8'12.5 809.0 7.0 

UIPP-21 3417.1 REDOY 729 -747 ?53 819.3 815.7 812.0. 7.3 
I 

WPP-22 3425.8 sa7-0039 742 n3 744 a18.0 e1i.7 8tt.3 6.7 

UI PP-25 3212.5 RLB 447 460 4R 842.9 839.1 B3S.3 7.6 

WIPP-26 3151.7 RLE ?E% 198 209 904.0 900.1 896.9 7.0 

WIPP-27  3177.2 RLB 292 305 318 879.6 875.4 871.5 7.9 

UIPP-28 3346.6 1LB 420 433 446 892.0 888-1 884.1 7.9 

WI PP-29 2977.0 RLB 12 27 42 904.7 899.1 894.6 9.1 

YIPP-30 3427.5 RLB 631 642 653 852.4 849.0 B45.T. 6.7 

ERDA-6 3560.2 M E R C E R 8 3  ftO n3 T f S  862.6 858.8 855.0 7.6 

ERDR-9 3408.8 RLB 704 716 ?Z? 824.4 820.9 817.4 7.0 

ERDA-10 3371.2 MERCER 83 476 490 504 882.5 878.2 873.9 8.5 

CB-1 3327.3 RLB 503 516 529 860.8 856.9 852.9 7.9 

ENGLE T 3419-0 S 87-0039 659 670 681 841.2 837.9 834.5 6.7 

A E C - f  365b.O MERCER 83 870 883 896 848.6 844.6 8CO.L 7.9 

AEC- 8 3531 -5 MERCER 83 833 846 859 822.5 818.5 814.6 7.9 

FFG242 + 726.2 

AVG a 7.7 rn 
v THICKMESS 

REFEREACES 

+ - FF6242 DEPTH TO BASE OF CULERRA VALUE FROM DAVIES (19881 
A THICKUESS OF EIGHT H fS ASSUMED FOR MIDPOINT-VALUE CALCULATIOW 

h 

otum Oat# 

chnc)md by Date Ground-Surface and Culebra Dolomite 
Rsvirriona oat* Elevations f o r  WIPP-Area Boreholes 
FW47OOR554 
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APPENDIX C CULEBRA TMNSMISSIVITIES 

The Culebra transrnissivity data base is presented in Table C.1.  For each 
borehole, Table C. 1 contains : 

the references f o r  t h e  cited transmisslvity values; 

the type of tests perfoned; 
the reported transmissivi ty value in ft2/day; 

the equivalent transmissivity in m2/s and its loglO value: 
the selected transrnissivi ty values used i n  determining the 

representative value C see below for explanation) ; 

the average log transmissivity of the selected values; 

the representative borehole and hydropad transmi s s iv i  t y  values 
(and t h e i r  logs) which are used i n  the modeling. 

cunments ; 
possible pilot-point transmissivity values (denoted by a plus 

sign) 

The transmissivity values are tabulated based upon the  type of hydraulic 

test performed. Pumping and slug tests produce the transrnissivity values 
needed in a kriging analyses Ci.e., local-scale values). This is because 

the transmissivity is ultimately assigned to a grid block t h a t  is on the 

scale of t m  of meters. Thus, tcansmissivity values determined Prm 
regional-scale interference t es ts  , ' which stress hundreds of meters, or 

from DSTis, which stress only a very small pertion of the formation, are 
not considered to represent the local scale. The values determined f run 
these large- and small-scale tests were therefore not selected in the 

calculation of' the final, representative transmissivity. Small-scale 

interference testa within  a hydropad are considered representative . For 

example, each of the three wells at the H-6 hydropad has had several 

pumping tests performed. The interference values determined within  the 

hydropad are considered to represent local-scale mndi tions and were 

theref ore included as selected' values. 



The second selection criterion is the quality of the value from the local- 

scale test. On several occasions, tests at a borehole have produced 

several values that are consistent and one value that is not. n?is Patter 
value could result from a poor test or a poor analytical fit to the  test 

data. One example of this occurring is a t  borehole H-3b1, where a value 

of 27 ft2/day was determined f o r  a slig test. An earlier bailer test gave 

a value of 12 ft2/day. These values were subsequently averaged and 

presented 'as 1 9 ft2/day in Mercer ( 1 983). The other values at this well 

and at the other wells in the hydropad are between 1 and 3 ft2/day. 

Therefore, the higher number was not considered consistent and was not 
selected for use in calculation of the mean and standard deviation of the 

log t r m m i s s i v i t y  values for the hydropad. 

The above criteria ,were used as guidelines, and were not adhered to 

strictly i n  all cases. DST values were selected on several occasions i n  
order to have more than a s ingbe value at a borehole ( e .  g., H-14, H-15). 

The selected DST values were, however, consistent with the other values at 
the boreholes. 

Once values were selected, the mean of the log of the selected transmis- 
sivity values was calculated., These calculations do not use reported 

regional-interference t e s t  values. 

The Culebra t ransrniss i v i  ty data base Table C . I  w a s  also used to deter- 

mine the uncertainty associated with the selected transmissivlty values. 
This was done to (1  E' quantify the uncertainty of She transmissivity at  a 

given borehole, and (2) incorporate the results i n t o  the K603 kriging 

exercise. Theref ore, the a tandard deviation and variance of t he  selected 
transmissivity,,values fo r  a given bopehole or hydropad were calculated. 

In this calculation all data with the  exception of the regional-scale 
interference values were used. The resulting values are indicators for 

the reproducibility of hydraulic t e s t i ng  results at the different hydro- 

pads or boreholes. It is assumed that the hydraulic tes ts  have tested a 



sufficiently representative rock volume. The standard deviation, 

therefore, may be interpreted as the uncertainty associated with the 

transmissivlty values. I n  addition, a normal error distribution is 
assumed. Thus, the  se l ec ted  transmissivity value plus or minus two 

standard deviations corresponds t o  a 95% confidence interval of the 

transmissivity at a particular borehole or  hydropad. 

In order t o  be a reliable indicator, a statistical value such as the 

standard deviation has to be based on a s u f f i c i e n t l y  large number of 

measurements (e. g . , 30 . Most standard deviations in 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 t o  erroneously indicate a very low 

uncertainty associated with the transmissivity data. Therefore, it was 

asswed that  the minimum uncertainty associated with pumping-test results 
is hal f  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 unce&ainty 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 f i e l d  are listed i n  the  last two 
columns in Table C.2. 
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Y E L L  lEFERERCES YEAR TYPE REPDRIEO CVLEBeA T R A Y S ~ I S S T V I T ~ E S  SELECTED SELECIED VALUES VALUES MSEO FOR URlCtRC 
tl 

OF OF VALUES VARIABCE STANDARD VARI I I ICE S AYDhRD a R E F E R E M E  TEST D E Y I A T l O M  
I 

o E V r n r r o ~  

GORZALEZ '83 I - OB{H6L>RZ 6 7  T.26E-05 -4.1405 VES 
DERIIEHY '82 P U l l P l Y C  P 'm 7? 7.88E-05 *4.1033 YES 
DEuYEHY 'US P l l k P l l t  R '79 0 3  B.V6E-05 -4.OL7S YES 
SEUARO '82 OST 75 B.1OE-05 -&.0915 1 E S  

H - 6 z  COWZALEZ ' 3  PUl tP lNG 1R 
1 

71 7 . M - 0 5  -4,1153 YES 
GONZALEX '83 1 - OBIHhB10 70 7.56E-05 -4.1215 YES 
EOYIALEZ '83 1 + OBIH6B)R n 1.32~-15  -4.0801 Y E S  
G W Z h l E t  ' 8 4  W n P l ~ t  10 72 7.78E-05  'P.1092 1ES 
G W I A L E Z  '83 W H P l K G  2S 72 7.7aE.05 -!.lo92 TES 0.002 0.04 0.063 0.21 

I 
#-&I UEllCER '&I P U l P I B G  1 W O  1 . a - 0 3  -3.POOO YE5 

Il-tbt IY IERL,  UE W l l P l N G  'Bb 1 1 3 4  I.=<-OJ T f S  0.002 0.0b 0 . W 3  !Yo 0- A. M. 

C h ~ h d  LT hI. 

I Ravlalmna Mm 
Unoertaicties 

909700R55h 

I I mm Teehnologias Table C.2 (cont.) 

f t 2 I d ~  e f  6 l o g  mZls <*ES/YO) 100 dl* l o 9  d l 5  log e l s  Ieb 
*rr;r.ra,==.-r.-.==.~.....i..m..rr.m..nr..i=~~===mm=~~.~.......l..f.1.~ft..~.....11l.l.-l.I.I.III.IZY.II...CI~i...111..=Fr..I.I1I..iL.==~.-... 

H-Lc EEhUHElM 'am SLUG 0.61 f.OZE-07 !&.I557 I E S  
GOYZALEZ '83 1 - OBCH4B)O 7.5 1.62E-56 -$.?PO5 YES 
COWZALEZ '83 t - OB(H4B)R 0.7 7.56E-07 16.1215 1 E S  
GOIIZALLL .83 PWIUC 10 0.6 b . 4 8 E - 0 7  : b . l m  vcs  
t O U I A L E Z  '83 PK4PlMG 1R 1.0 1.DBE-06 -5.9666 XES 
EOUZALEZ '83 PUHVlNC 2D 0 4.32E-07 :6.3&5 1 E S  
6 0 4 Z h L E L  '83 PUHPlUG ZR 1.7 1 .8LE-06  -5.7361 1 E S  U.OG7 0.22 0.063 

H-5. L .83 I - O W H 5 W D  0.15 1 - W F - 0 7  i 6 . m 5  YFS 
CCUZACEZ '83 1 - 08CH5C)Q 0.19 2.USE.07 -6.6878 1ES 
COHZALEZ '83 I * Of l IH5B)D 0.11 1 1 0 7  -6.9252 YES 
GOMZALEZ '83 1 - O B ( H 5 B I R  0.20 2 .16E-07  -b .6b55  TES 

H-5b CWIZALEZ '83 
I 

VUHPlHG R 0.22 2.38E-07 -b .bZLZ f E S  
COHZALEZ '83 1 * W I H 5 t l D  0.12 1.JOE-07 *b.BB7& YES 
COHZALEZ '03 1 - D B ( H 5 t l R  0.26 2.59E-07 -6.5W YES 

OEM*. B MERCER 'BS TWC 0.20 2.16E-07  '-6.6655 YES 
SEVIRD '82 D S 1  0.06 1.29E-07  - 6 . 0 3 2 1  1E4 

H-Sc COllZALEZ '03 P U W l N t  0 a.OL 4.32E-OR -7.3645 YES 
COYZACEL '63 P U ~ P I N G  R 0.11 I .  - 6 . ~ 2 5 2  Y E S  
E W t A L E E  '84 t - O M I H 5 B l D  0.16 1 . 7 s - 0 7  - 6 . 7 M 5  1 E S  
G W I A L E Z  '83 1 * OB(H5BIR 0.11 1.196-07 4.9252 YES 0.0BZ 0.21 0.082 

I 

H - b e  B E l U I I E l M  '87c t * OE(U.13) 71 T.b7E-D5 Ua 
GOIIZACEL '83 I - DBCU40)D 6 7  7.2LE-05 ;&.I405 YES 
G O U Z ~ L E Z  '03 I - D B C H ~ U ~ Q  n a . 3 ~ - o s  - 4 . ~ 1  Y E S  
COUZALEZ '83 1 * U i ( H b C I D 1  8 7  I -LO€-05 y 4 . 0 2 7 1  XES 
GOUIALEZ '83 1 - OB(H6ClRI €4 7.13E-05 -L.1&70 I E S  
CONZALEZ 83 1 - W ( H I C ) D 2  70 7 . ~ 6 ~ - 0 5  k . 1 2 1 5  T E S  
E O U I A L E Z  '83 1 * OB(H6CIRZ 69 7.L5E-05 -4.1277 1 E S  

H-& 8 E A U B E I H  "87t ! - W l U - 1 3 )  69 T.4SE-05 YII 
BEhUBElM '86 l * O E I W E Z )  61 6.5%-05 NO 
GOUZALEZ ' 8 1  F l A P I R t  7P 8.53E-05 -4.- VES 
t O U 2 A L E f  '83 P W I U C  R B& 1.50s-US -4.0121 YES 
GOPZALEZ '8S I - 08<MbC>[ll 86 3.2PE-05 -4.0321 VES 
LONZALEL '83 I - O B ( H 6 C l R l  63 6.80E-05 4 . 1 6 7 2  YES 
GOPZALEZ '83 I - 004HbC3DZ 69 7.45s-05  -4.1277 I E S  

I 

m?l* 

0.25 

0.29 
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H-Bb B F W ~ E ~ M  '8% P W P ~ H ~  
llERCTR '81 

H - 9 b  WRCFR '83 PWPIWG 231 2.4VE-04 -3:M30 I E S  

H - l o b  e R C F R  '83 SLUG 0 7 . 4 8 - 8  *7 ;1215  YES 

H - l l b l  S U J L R I E R  '87 PUUPlBG '86 11.3 1.371-05  -6 .7135  YES 
SAULRlER '87 1 - O B ( H 1 ? 0 3 ) ' 8 4  25.5 2.?5E-05 -4 .5600  YES 
S I U L R I E R  '87 t - OO(H1183>'85 24.8 2.bBE-05 *4 !572 l  YES 
SAULHIER '87 1 - 0 8 ( H 1 1 0 2 1  25.L 2 . M - 0 5  -1.5617 VES 
OEAUnEIH '87n 1 - 0 8 ( A 3 0 2 1  6.8 7.3LE-06 YO 

H - l l W  S l U L R l E R  '87 - O B t H l l B 3 1 ' 8 4  23.8 2.5?€-05 -b.ZpgO YES 
S l U l R l E R  '87 t * O B I U 1 1 0 3 1 ' 8 5  Zb.4 2.85E-05 * L . S L E O  YES 
SAULHIER '8F t * P B l H l l B t l  23.L 2.536-02 -4:597L YE5 

H - f l b 3  S l U i R l f R  '87 W H P 1 I I C  'EL 26.1 2 . I K E - 0 5  -b.SibW YES 
S I U L H I E R  '87 PUMPIYE '65 30.7 1 .3ZE-05  .L1&iW YES 
S A U L H I I R  '67 t * O B l H l l 8 l l  26.0 Z.B lE-05  *L!SS16 YES 

11-12 I I I I E R A  U E  SLUG * I 7  U.17 t.&E-07 .4:7541 YES 
I H l E R A  UE WIP IWG ' 8 6  O.DL*! 4.5EE-08 -7.3.433 YES 

U-14 BEAUHEIM 'B?b SLUG 0.30 3.WE-07 -4:4BPS YES 
BENJHEIM ' 87b  DST 0.31 3.XE-07 -6.4752 YES 

It-15 B E W H E l H  'Em SLUG 0.10 1 .@SF07 - 4 . M  YES 
B E N J H E I H  '87b D S 1  0.15 1.62E-07 -b,m(lS YES 

8 -  1 4  OFUJHEIH U E  SLUG 0.m ?.56'€-07 -6.1215 YES 

H - 1 7  BEUJHEIR U E  

UEhNHEIM '87. I - OB(H3831 
BEIUHEIM 'Bm PUMPING D 
BEAUHElM rB7h PUMPING I 

BEMIHEIW 
57 6 . 1 6 f - 0 5  BEMIHElM 'B7c t - OU(Y- IS>  

c-2l/C-22 





WLi RtFtREYCES TEAR TYPE REPORIW CULEBRA S I U H S M S S S I V ~ ~ I ~ S  SELECTEO 
OF OF '1 VALUES 

f i E F E R E l t E  TEST D E V l A l  IOU 
trZIdqr m2Is l o & ~ l s  ( IESIYOI 

P-16 MERCER '83 ~ P I R C  140 ?.S~E-OL .j.a2[lb YES 
MrDRO GEOCHW LIE SLUG 324 3.5OE-OL -3.L560 TES 

BEAUHEXI '87c I - OBCU-13) 265 2.86E-04 MO 
! 
1 

P-15 BEAUHElH B7b SLUG 0.00 P.?2E-08 -7.0123 TES 
MERCER '83 StUC 0.07 ?.ME-08 -7.1275 YES 
SEUARD 'BZ DST 0.1 $ .WE-07  -4.9666 VES 

SLUG P.17 BEAUHEIM '8% 1.0 1.ME-06 -:.w YES 
MERCER '83 SLUG 7.0 l . ( IBE-M - 5 . W  I E S  

HYORO G€OCHEll UE PVkPlYC 2.7 Z.27E-IM -5.6LEb I E S  

P - l a  E R C E R  '8S SLUG 0.01)t l.(IBE-W .8.W66 YES 
MIDUO GFOCIEM UE SLUG 0 3.ZCE-W -8.4WS VES O.OS7 0.2& 0.250 1 1-50 

WIPP-12 BENHELM UE ACtDIDEVEL 0.03 3.2hE-(LB * 1 . 4 M  'YES 
BEAUHEIR '87c 1 - PB(U-13) T.9 B.53E-b4 WO 

YlPP+IS OEAUHEI I  ' 8 7 ~  PUMPING 69 7.4ZE-Q5 * C . l 2 7 7  1ES 
OEAUHEIH 'Bb 1 - UB(OOE2) 71 7 . 7 8 E - 0 s  NO 

YlPP-19 BEUJHEIA 'B7b f LUG 0.M) &.ME-07 - 4 . 1  YES 
BEMlHElH "7c I - 081U-131 24 1.5W-0s YO MA HA 

YlPP-Zt B E W m l M  *l7b SLUG. 0 . Z  2.70E-07 a6.5dBb YES 
OEAUHEIH '87C 1 - O&(U-731 22 2.38f-05 YO MA WA I 

UIPP*UI MERCER '83 PLRlPlMC 1250 1.352-03 -2.BWT YES HA H& 

I 

WIPP-2B RACER "83 PVnPlHG I& 1.Q4E-05 -6.7113 YES 

uIPP-29 HERtER '83 WHP1*6 tWO 1.ODE-03 -3.0000 

CmMW Irr mt. 
Rwi*O"a I Mm I Culejra Transmlsalviiy Uneertai,t,:as I 
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UELt REfERENCES YEAR 
a 

T I P €  IEWRTED CULEBRI  TRINSHISSLYIT IES SELECTEO s c L E c r E o  VALUES v u u E s  u s t ~  rm rErctw 
OF OF ! YkLUEs 

VARIAPCE SIAWDARD VARIARCE ST& VARD 
REPEREICE l E S T  D E V I A T I M I  DEVI i l O R  

ft2Id.y &IS l 0 g . m ~  <*EsIm1 tag M,o Lag *,s log 109 P;Z,s .,.. +3.=-...1.111.. =.===*FF~..cc~I ..... I.-= .... f fff f f f f  ffffff=~==.=.m=.~=~~~~=~~~".mm~~=z====~====~..a~ma..===..=~~=~z=~.=~~-~=====~===.m=====iiii=..~~ 

,T 
U 1 W - 3 0  MERCER '83 SLUG 0.3 J.ZLE-07 -6.L89S T€S 

GOHZALEL '03 FLWPIWt 0.02 2.16E-08 -7.6655 YES 
SEAUHElll 'BTC t * UBIU-13) 28 3.02E-05 80 0.346 0.59 0.3L6 I 

EAOA-P I E A U H E I M  '87b SLUG 0.G7 I.DBE.07 -b!ZW5 Y t S  
~ t x u n ~ l l l  '07c I - OBCU-13) 22 2.3BE-05 YO N A HA 0.250 

U B l R  8 M H F l M  '8- glua 0.28 3.02E-07 -b!51V4 YES Yh Y I  0.250 
SARI -1  

FPCLE S E A U H E I I  ' 07b  Rl l lPtYI i  43 E -4.3331 YES MA M I  0.063 

USCS- 1 -FR '62 W H P f l l G  *60-D 9 3  5 . M - O b  -3.2310 I E S  
CWPER '62 PUMPIMG r 6 0 - R  531 5 . 7 3 ~ - O E  -3.2415 YES 

CWPEQ & t ~ n u z .  '71 PUMPlHP ' 6 3  LbB 5 .DEE-04 -3.2963 1E5 O.OOt 0.03 0 . M  

REFERENCES: see Table 17.1 
=51=3===111 

! 

0.59 

0.50 

0-SD 

0.25 

0.25 

i 
E 
i 
I 
I 

I D u r n  by WI. . 
Chr+d I* Oal. 

As*#alonl 0a1. 
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The references corresponding to the  data sources are 1 isted at  the end of 

Table D. I .  

. r- 

0 APPENDIX D CULEBRA STORATIVITIES 

The Culebra storativity data base'  is listed in Table D.1. ' The table 

fonnat is very similar t o  tha t  of Table C.1. The values listed fo r  each 
borehole and/or hydropad were evaluated t a  determine the most 

representative value on a scale of tens of meters. me s torati v l t y  values 
determined f ran regional-scale interference tests , slug tests or E T  s 
were not selected as representative values. The regional-interference 
values can, however, be assigned to pilot  points between the pumping and 

ebservati on wells in future transient analyses. 

0 
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I 
I 

N I L E B R A  S I O R A T I V I T Y  UAThB&S€ + UVDIIED 1 1 - 2 0 - 8 7  

A 8 8 R E V I A l t M I S  : 1 . 1YlERFERERCE M MOT REPDRTED 

I e i . = = ~ = = 1 1 . . . ~ m = . 1 1 1 . I . . = = ~ = = ~ ~ = " ~ = ~ = ~ = = ~ = = = = = ~ m = . . = = = . = = . ~ ~ . = = = ~ * = = ~ ~ . . = = = ~ = ~ = = ~ : = ~ : ~ = ~ . = = ~ = = = . . .  

1 
R = RECOYFRY UE = UHPWLISHED EFIIIM~E 
0 = DRAUD0U.U ' POSSIBLE VALUEIFOR P ~ L O T  W W ~  P[KITIDREO 
06 F oBSERvn710Y BETUEEN WMPIWG AHO UBSERVATIOH WELL 
(UELC)  = PUUCll lC UELL I 

I AVERAGE OF 

YELL R E F f E M C E S  l E U l  TYPE REPOl l lEP I O ~  OF ;ELECTED SELECTEO S CULEBR A 
OF OF N L S ~ R A  STORAT IVI TI I S  vatu€ VALUES STOR~IIVII~ 

REFERENCE TEST S (TES OR NO1 (FOR S l A C l E  VALUE 
Y E L L  OR BYDROPAD) log 

B-1 OEAUHEIH '8b SLUG lilt 
MERCER '83 SLUG 1.M-Ob *4 .0000  80 
SEUARD '52 PSI Y R  1 

BEAUnEIM '87a t - 0 8 ( 8 3 8 2 )  2.7E-05 * -4.5686 ' YO 
BEhUUEl#  "87c t - OB(Y-13)  1.SE-06 * - 3 . 8 8 6 1  NU 

H-2a 

8-Zbl AERCER '83 SLUG 1.OE-OP -CI.OOOO ' YO 
OOYZALEZ '83 VUnPIHC 1.2E-05 -6 .9208  I E S  -4.920a 1.20E-05 VALUE ASSIGHED 

S W A R D  '82 QST 1.OE-09 -9.OaOO YO TO H-2 I Y D R O P M  

If-2b2 B E W H E I M  'B7c I I- OB(Y-131 7.3E-05 -4 .1367  YO 
BEAUHEIM 'B7n I - Q B I ~ ~ Q Z )  3 . 0 ~ - 0 5  + -G.5229 80 

H-2c 

H-3bl EEAUHElH '818 1 - PBtHJBZl MU 
BEAUHEIM '87. 1 - M ( H 3 8 3 )  HR 

MERCER '83 SLUG Mu 
SIYAIIO '82 D s l  UR 

\ 
R-W2 B C l U H E l M  '87a 1 - 0 8 C H 3 8 3 )  HR 

BEAUHEIH 18- P u n P l u C  '85 N R  

H-3b3 BElUREtM '87a I - O B ( H 3 B Z )  w l  
! 

B E W H E I H  '87a M P I I C  ' B L  IR 
I 

H-4s W Y U L E Z  '83 I * D B t H 4 0 1 0  3.13E-04 -5.5W5 YES 
GORULEZ '83 1 - DB(H4B)R MU 
GORULEL '8s I - O B ( M & C ) O ~  a-OLE-w -$.a947 YES 
GOHIALE2 '83 1 - O S l H 4 C ) R l  RQ 
GOHIALE2 '83 I - OB(H4C)OZ 5.62E-W -5.2503 b YES 
GOHtALEZ '83 I - OBLH&CIRZ HR ! 

H-bb COHULEZ '83 R I R ? I I G  D MU 1 
G O N U L E Z  '83 PUMPING REC YR 

MERCER e t  at ' 8 1  SLUG 1 E -09 -P.ODOD I YO 
G O I U l E l  '83 1 - O B t 6 C I D 1  1E-Oh *4 .0000  YES 
GOYULEZ '83 3 - O B I L C I R l  U.&E-06 -5.0635 ' YES 
GOVZAIFZ '83 I - O B I L C I D 2  I R  
CORU\LEZ '83 1 - 08(4C>R71 b.48E-06  -5,1884 i YES 

SEUARD 'a? OST I E - O ~  -6 .0000  NO 
1 

i 
I 

T 

I 4 D-3/D-4 

o m  by 

OlKJUd py 

r(.u~mbnr 

q09700R554 
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CWMEMTS 

A S S I t U E O  
HXDROPM 

A S S I M E D  
HI1RUPM 

ASSIGNED 
MtDUOPflO 

I 

I 

I 
r r ~ ~ ~ ~ ~ ~ = = m = m - . = = = ~ ~ = = - = ~ ~ = = m ~ ~ m ~ n ~ ~ t t t = : = - ~ r s r ~ m r i = = ~ c . : - ~ m ~ = = = = m ~ ~ ~ = ~ ~ = = = = = = m = = ~ = = = = ~ = m m m = = m m ~ - m m = ~ = ~ = m ~ m = = ~ = m = = = = = ~ ~ m = = = = = = ~ ~ - ~ ~ m = = m ~ = = m ~ = = ~ ~ ~  

AYERAGE OF 
M L L  REFERENCES TEAR T I ? E  REWRTED LW OF I E L E t l E O  SELECTEO S W L E B R d  

D I  OF CULEQRA S I ~ A I I V t T I  S VALUE VALUES SmRdT 1 VflT 

I REFEREHCE I E S I  5 [YES OR 1111) (FUQ SINGLE VALUE 
& WELL OR HYDROPIO) LO# 
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APPENDIX E TRANSIENT FRESHWATER HEADS : 

I : 

Wat e r l eve l  monitoring and w e l l  te;s ting using pressure transducers have 

been perf omed in boreholes in the Culebra in and around the WLPP site. 

This  modeling study incorporates data fran 5 6  monitosing wells f o r  control 

and model calibration. Where surficient data were available fm these 

wells, hydrographs have been constructed which p l o t  freshwater head in 

meters above mean sea level (h amsl) versus time 'in years. The term 

"freshwater headft is ut i l i zed  i n  this report and is equfvdlent to the term 
Irf reshwater elevation above mean sea levelm because the  head values are 

always related to mean sea level. It refers to the elevation of a column 

of f resh  water with a f l u i d  density of 1 g/cm3 that would exert a pressure 

at the elevation of the  Culebra equal to the formation pressure. 

The hydrographs show the  transient freshwater heads . resulting f ran the 

shaft and well-test activities performed at the site (Appendix G). For 

most of these hydrogcapha, an undisturbed freshwater head has Seen 

selected which is intended t o  represent conditions a t  the site before 
shaft excavations and hydraul ic-characterizat ion studies . This appendix 

describe9 the calculations and data used to create these hydrographs, and 

provides an estimation of the undisturbed hydraulic conditions for use in 

the calibration of the steady-state model. 

Water-level and pressure data for the Culebra have been collected at  the 

WIPP site as depths to water below top of casing or top of tubing measured 
by steel tape, or electronic sounding device, and pressure measured by 

downhole transducers. These data are reported i n  Richey ( 1987) , Hydro Gee 

Chern, Inc. (19851, INTERA Technologies. Inc. and Hydro Geo Chem, Inc. 

(19851, INTERA Technologies, Inc. C1986), Saulnier e t  al. (19871, and 

S-tensrud et al. (19871. 



Depth-to-water data were converted to equivalent' freshwater head as 

PoLlows: . 

hf = (dc- dJ P + z  
f C. 

where hf = equivalent freshwater head; 

4, = measured depth t o  water; 
d, = depth t o  the center of the Culebra dolkite; 

2, , = elevation of the center of the Culebra dolanite above 

mean sea level; 

p average density of the borehole f l u i d ;  

Pf 
= freshwater-f luid density (assumed equal to 1.0 g/an3). 

Transducer pkessure data were converted to equivalent freshwater head as 

follows: 

hf.  
- 1 + (dC dt) + Z 

PF C 
(E.2) 

"f 

whex p = me,asured transducer pressure; 
dt = depth to transducer; 
g gravitational constant. 

All depths are measured. relative to a measuring point of known elevation 
at  each well. For the WIPP-site monitoring wells, depths are reported 

either fm the top of casing, t he  top of tubing, or  frm the ground 

surface. Table E. 1 smarizes  the  type of measuring point at each well, 

the elevation of the measuring p o i n t ,  and t h e  time period the measuring 
point w a s  used. For sane wells listed in Table E.1, more than one 
rneasuri ng point  were used at a well at a given time. Thi s results f ran 

the use of different measuring points when the U.S. Geological Survey 

monitoring of sune wells through ear l y  1985 overlapped with monitoring by 

Sandia subcontractors. 

E-2 



* The calculation of equivalent freshwater head requires knowledge of the 

average borehole-fluid density. For each well an estimate of borehole- 

fluid density as a function of time was determined based upon a sunmary of 
the act  l v i  ti es a t  tha t  well ( Appendix GI , water-qual i t y data available, 
and borehole pressure-densi ty survey data. The best data for  determining 
the average borehol @-fluid densi  ties were obtained f run the borehole 

pressure-density surveys reported i n  IT ( 19871, Crawley (1 9871, and 

Crawley (in preparation). In these surveys, pressures were measured with 

downhole transducers at center-of-Culebra depth for a measured depth t o  

water below t o p  of casing, thus allowing a direct calculation. of average 
borehole-fluid density. Hwever, t h i s  type of data was not available f o r  

any of t h e  wells before late 1986. 

Table E. 2 summarizes the chronology of borehole-Fluid densities ' for each 

well used in the model. For each well, the table gives ( 1  average 

boreholefluid density (g/m3), (2) a quantitative estimate of uncertainty 

(g/an3), and (3) the time period appropriate. The estimate of the 

uncertainty of borehole-fluid density is based upon an extensive review of 
all density measurements and well activities at each monitoring well. 

With the values of Culebra elevation, measuri ng-pol nt elevation, and the 

average borehole-f l u i d  densi ties , hydrographs of equivalent  freshwater 

head (rn amsl) versus time (years) were created for each well. These 

hydrographs are plotted in Figures E. i throtlgh E.35. In addition, Figure 

E.36 is a hydrograph plotting the equivalent freshwater head, based upon 

pressure  measurements, versus  time for the transducers installed in the 

Culebra in the walls of the three shafts at the  WIPP site,  

Frm these hydrographs , the undisturbed freshwater heads were estimated . 
Events which can complicate the  determination of undisturbed conditions 

are well-test actlvit im and shaft activities. b u g  e t  dl. (19871 found 

t ha t  since the sumer of 1981 , the  hydraulic state of the Cutebca has been 

significantly i nfluenced by the d r i l l  i ng and excavating of the  three 

e 
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e 
shafts at the WIPP site. Also, numerous well tests  have been performed 

since t h a t  date of large enough duration to create sub-regional 

transients. For these seasons, when possible, the  undisturbed f seshwat er 
heads were estimated f ran data collected before December 1 981 . For some 

wells, only recent e m ,  1987) water-level data were available for 
determining estimates of the undisturbed freshwater, heads. Table E.3 
srnnnarizes undisturbed freshwater heads for each weil along with the 

approximate date of the measurement on which i t  is based. In Table E. 3, 
the uncertainty in the borehole-fluid density presented in Table E.2, 

expressed as g/cm3, is converted to a head uncertainty based on an average 

depth of f l u i d  in the borehole above the center of the Culebra. In 
addition to borehole-fluid-density uncertainty, other trends i n  the 

hydrograph data or specific well activities may add uncertainty t o  these 

estimates. The final column of Table E. 3 combines this uncertainty wi tin 
the borehole-f luid-density uncertainty t o  arrive a t  a total uncertainty , 
expressed as meters of head, for the undisturbed freshwater-head 

estimates. This to ta l  uncertainty is considered t o  represent one standard 
deviation frcm the  mean. When more than one value of undisturbed 

freshwater head can be estimated from several wells at a hydropad, the 

value used is frm the well with the  least uncertainty in the average 
borehole-fluid-density estimate. 
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REFEREHCE REFEREHCE MEASURlHG MEASURIHG- HERSURIMG- PERIOD MEASURING 
WELL ELEVATION ELEVATION POlHT ROIMT ELEV. POINT ELEY. POINT APPLICABLE 

( f t a m s l )  I m a m s 0  (TOC/TOT/GSl ( f t a m s l )  (rnamsl) 
'--'* ----------------- -----"------------- ----- ......................... ------------------= ....................................................................................... 

H-1 3397.9 1035.7 6s 3397.9 7035.7 3/17/77-1/22/84 
30T 3400.2 1036.4 5/16/83-PRESENT ** 

H-2A 3377.8 1029.6 t O f  3378.8 1029.9 10/16/83-4/30/84 
f OC 3378. 3 1029.6 4/3[1/&-PRESENT 

H-ZB1 3372.6 1029.5 GS 3377.6 1029.5 t / 2 t / 7 7 - 6 / 2 4 / 8 3  
TOT 3378.9 1029.9 6/24/83-?/lo/& 
7 OT 3379.8 1030.2 7/10/84-7/8/86 
TOT 3379.3 1030.0 7/&/86-PRESENT 

H-ZBZ 3377.6 l02a.f f OC 3378.4 7029.7 12/5/83-PRESENT 
H-2C 3377.7 , 1029.5 GS 3377.7 1029.5 1/1/?7-6/1/03 

?OC 3378.4 f 029.7 6/1/83-PRESENT 

H-381 3389.4 1033.1 GS 3389.6 7033.7 5/25/?7~11/21/83 
f OT 3391 - 3  f 033.7 4/30/83-1985 
TOC 3390.6 1033.5 POST - 1985 

H-382 3388.3 1032.8 XOC 3389.0 1033.0 3/12/84-PRESEHY 
H-383 3387.1 1032.4 TOC 3386.4 1032.2 2/27/84-PRESENT 

H-411 3332.8 1015.8 TO? 3333.7 1016.7 10/23/82*PRESEHf 
H-40 3332.7 1015.8 GS 3332.7 t015.8 L/2/78-8/20/82 

TOC 3333.6 1016.0 8/20/82-PRESEHT 
H-4C 3332.5 1015.7 TOC 3333.3 1015.9 10/23/82*PRESEHT 

H-54 3505.6 1068.5 707 3506.2 tO68.7 7/19/84-PRESENT 
H-5% 3505.4 1068.4 GS 3505.4 1068.4 7/7/78- 10/18/84 

TOC 3506-1 1068.6 10/18/84-PRESERT 
H-SC 3505.8 1068.6 f OC 3506.0 tO68.d 4/9/84-PRESENT 

H-6A 3347.3 1020.2 f OC 3348.1 7020.5 4/9/84-PRESEHT 
H-bB 3347.6 1020.3 G5 3347.6 1020.3 7/25/78-10/18/84 

TOC 3348.2 1020.5 4/9/84-PRESENT 
H-6C 3347.9 1020.4 TOC 3368.5 1020.6 4/9/BG-PRESENT 

H-7B1 3163.6 964.3 GS 3163.6 964.3 9/19/?9- 1/7/85 
f O C  3164.3 964.5 1/26!84-PRESENT 

H-782 3164.0 964 -4 TOC 3164.4 964.5 1/2/84-PRESENT 
H-7C 3164.4 964.2 T O C  3164. 1 964.4 10/28/83-PRESENT 

H-88 3433.8 f 046.6 BGS 3433.8 7046.6 8/13/79-1/7/65 
TOC 3434.5 1046.8 1/7/85-PRESENT 

H-9A 3405.4 t 037,O f O C  3405.9 t038.t 9/21/84-PRESENT 
H-98 3405.6 1038.0 BGS 3405.6 1038.0 8/29/79-1/7/85 

70C 3406.3 1038.2 9/21 183-PRESEHT 
H-PC W05.9 3038.1 T OC 3407.1 1038.5 6/21/83-PUESEWT 

%-10B 3687.0 1 123.8 BGS 3687.0 1123.8 1 ?/1/7P-8/20/82 
TOC 3687.8 1124.0 5/&/&6-PRESENT 

H-1181 3212.1 1040.Q TOC 3411.4 7039.8 9/?/83-PRESENT 
H-1102 3412.1 , 1040.0 7OC 34t1.6 1039.9 121S/83-PRESEBT 
H-1183 3412.1 1040.0 TOC 3412.4 1040.1 3/16/86-PRESENT 

H-12 3426.0 1014.2 TOC 3427.2 1044.6 1?/4/Bf*PRESEMT 

H-14 3345.6 1019.7 TOC 3347.2 10t0.2 3/l?/8?-PRESEMT 

Measuring-Point Elevations for  the 

WIPP- Area Borehales 

E-42 
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BOREHOLE-FLUID DENSITIES ; Database Update 09/22/87 ~~---------~-I--*-------------*-~*1=--------~--~-*-~--1-------------=------- 
_________"__r______4--*----------- ---*-l-"--r------- -------------- ------ 

UE LL AVERAGE BOREHOLE- ' E S f t M A T E D  FLUID- TIME PERIM) 
FLUID DENSITY DEMSITY UNCER'TAINTY(1) DENS111 APPLICABLE 

cg/cm3 ) <g/em31 
............................................................................ 

H-1 S ,020 */- 0.D1 3/?7/77-PRESENT (21  

H-2a 1 .070 +/- 0.06 07/15/83 - 07/09184 
7.050 07/09/84 - PRESENT 

H-2bl . 1.010 +/- 0.01 02/13/77 - 01/09/84 
1.050 +/- 0.04 01/09/84 - PRESENT 

H-2bt 1.050 +/- 0.06 12 /5 /83-PRESENT 
H-2c 1 .a50 - 0.04 l/l/n-PRESEWT 

H-3bl f -036 +/* 0.01 5/25/77-PRESENT 
H-3b2 1.036 +J- 0.01 3/12/%-PRE5ENT 
H-3b3 1.036 +/-' 0.01 2/27/84-PRESENT 

H-4a 1.014 +/- 0.02 10/23/82-PRESENT 
I H-4b 1.019 +/- 0.02 6/2/78-PRESENT 

H-4e 1 .ole +/- 0.02 f0/23/82-PRESEHT 

H-5a 1.10 +/- 0.02 7/19/84-PRESENT 
H-5b 1-10 +/- 0.01 7/7/78-PRESENT 
R-5c 1.10 +/- 0.02 4/$/84-PRESENT 

H-6a 1.039 +/- 0.02 4/9/84-PRESEkT 
H-bb 1.039 +/* 0.01 7/25/78-PRESENT 
H-bc 1.039 */- 0.02 4/9/84-PRESENT 

H - 7 b l  1.009 +/- 0.01 9/19/m-PRESENT 
H-?b2 1.009 +/- 0.01 1/2/Bb-PRESENT 
H-?C 1.009 . +J-  0.01 10/28/83-PRESENT 

H-8b i. 000 + 0.01 8/13/79-PRESEHT 

H-9a 1 .ooo + 0.07 9/21/83-PRESENT 
H-9b I .ooa + 0.01 8/29/79-PRESENT 
H-9c 1.000 + 0.01 6/21/83-PRESENT 

H- 1 Ob 1 .O4b +/- 0.01 ll/lJ79-PRESEWT 

H - t l b l  ? .a83 +/- 0.01 9/7/83-PRESENT 
~ - t l ~  1.085 +J- 0.01 32/5/83-PRESENT 
H-11b3 1.080 +/- 0.01 3/16/&-PRESEIIT 

H-15 1.095 +/- 0.03 l t /30 /83  - 07/09/84 
1.09s + I -  a.01 07/09/84 - PRESENT 

H- 14 1.009 +/- 0.01 3/11/87-PRESEMT 

H- 15 I .a00 +/- 0.07 11/10/86-4/14/87 
1.743 +/- 0.02 L/14/87*PRESENT . 

DOE- 1 1 .OPO +I- 0.02 12/1/83-PRESENT 
I 

DOE- t 1.060 +/- 0.03 t0/12/84-6/30/86 
1.030 */- 0.01 6/30/86 - PRESENT 

P- t b  1.013 +/- o.01 03/07/77 - 12/17/86 
1 .OD7 +/- 0.01 t 2/17/ W - PRESENT 

Dmwn by Oets 

Checked by o d e  Borehole-Fluid Density and Estimated Densi ty  
Rwi9ions O d s  Uncertainty f o r  WIPP-Area Boreholes 
Hog700 6 5 4  

I mm Technologies ' I Table E.2 
i 



---z===sz====== t=:============*==============================================--- 

AVERAGE BOREHOLE- ESTIMATED FLUID- 1 IME PERIOD 
FLUID DENSITY DENSITY UNCERTAINTX(1) DENSITY APPLICABLE 

C g/ cm3 1 

0 5 / 1 0 / n  - Ob/U6/85 
1 -006 06/06/85 - 03/27/87 
1 -006 03/27/87 - PRESEHT 

5/25/n-PRESEWT 

5125177-PRESEWT 

10/14/85 - 05/21/86 
05/21/86 - PRESENT 

10/26/85 - 04/04/86 
04/04/86 - 01/12/87 

F ,027 +/- 0.01 01Jl t /87  - PRESENT 

10/ l t /85 - 05/20/86 
05/20/86 - 08/tSS86 

1.098 +/- 0.01 08/25/86 - PRESENT 

+ 0.02/-0.05 10/09/85 - 05/31/86 
1 .UP6 +/- 0.01 05/31/86 08/22/86 
1.124 +/- 0.01 08/22/84 - PRESENT 

10/[16/85 - OC/28/86 
06/2&/8b - 08/25/86 

08/25/86 - PRESENT 

ta/m/85 - ow19186 
06/19/86 - 08R6/86 

1.07 + 0.04 08/26/86 - PRESENT 

+/- 0.01 8/24/83-PRESEHT 

8/24/EG-PRESENT , 

8/24/83-PRESENT 

9/29/83-PRESENT 

+/- 0.04 10/8/80-PRESEHT 

8/23/83-PRESEWT 

1/5/87-PRESENT 

?0/20/86-PRESEMf 

3/4/85-PRESENT 

unknoun 9/22/Ml-PRESENT 

Borehole-Fluid Density and Estimated Densi ty  

Uncertainty for WIPP-Area Boreholes 



*-------*--'--'----=-----*--------------------------- --_-------------,-, ,--,----------------------------*I====z~a==s=x~==========:===¶======== 

UELL UUDISTIIABED DATE H E M  UHCERTAIUTY OVERALL MEAD 
F.U. ELEV Sf LECTED DUE TO BOREHOLE- UMCERTAIMTYlm) (2) 
Cm amst) FLUID DEHSITY( rn ) ( lE  

--------------==========t====================c=======t===========c~zr========c============== 

H- f 921.6 06/8t +/- 1 +J- 2 

~ - z b l  (3) 023.5 i om +I- 2 +/- 2.5 

H-3bl P l f  .l Of /8f +i- 1 +/- 3 

H-4b 913.3 08/82 +/- 1 +/- 2 

H-5b 933.5 02/80 +/- 1.5 +/- 2 

H-bb 932.3 02/79 +/- 1 +/- 2 

H - 7 b  972.6 06/61 +/- 0.5 +/- 1 

H-8b 911.8 . O t / B 2  +/- 0.5 +/- 1.5 

H-PC 907.0 11 181 +/- t +f-  2 

H-f Ob 920.8 06/81 */- 2 +/- 2.5 

H-SIM 912.5 06/87 +I- 1 +/- 2 

H-12 913.5 03184 +/- I * I -  1.5 

H-14 915.0 03/87 */- 1 +/- 1.5 

H-15 918.0 03/87 +/- 1.5 +/- 5 

H-17 (4) 913 .;! lO/BT MA IS) HA 

DOE- 1 915.0 07/87 +/- 2 +/- 2.5 

DOE-2 935.4 0 1/87 +/- 1.5 +/- 2.5 

P-14 927.0 06/84 */* 1 +I- 2 

P-15 916.4 01/79 +t / - I  +/- 2.5 

P-17 912.6 09/87 EXTRAP +/- 1 +/- 2-5 

UtPP-12 932.2 01 187 +/- 1.5 +/- 3 

YtPP-13 9U.O 01/87 */- 1 +/- 2.5 

WPP-18 930.0 OF/87 EXTRA? +/- 1 +/- 2 

YIPP-25 931 -0  0 71 83 +/- 1 +/- 2 

WIPP-26 917.5 08/83 + 0.5 +J- 1.5 

Dmrn by D d n  

Chucked by Dde 

Reviaiona Dde 
Undisturbed Fresnwater Heads and Uncertainties 

30 9 7 005 54 

I mm Technologies Table E.3 



WELL UMDISTURBED DATE HEAD UMCERTAIWTY OVERALL HEAD 
F.V. ELEV SELECTED DUE TO BOREHOLE- UNCERTAIHTYlrn) (2)  

(rn ems[) FLUID D E A S I T Y l m )  (1) 

YIPP-27 937.5 

YIPP-28 938.1 

MIPP-29 (5) 905.4 

UIPP-30 934.7 

CB- 1 911.2 

USGS- 1 909.1) 

08/83 + 1 

08/83 +/- 1 

01/82 +/- 0.5 

09/87 + / -  I 

02/87 +/- 1 

08/60 unknown 

MA = Not appiieable 

(1)  Uncertainty i s  based upon the uncertainty in  the estimate of the borehole-ftuid 
density only a t  the time of the static head estimate. 

(2) fatal head uncertainty takes into account uncertainty introduced by mcertainty 
in borehole-fluid density and uncertainty introduced by trends in the hydrographs. 

(3) Uhen more than one undisturbed head can b estimated fo r  a hydropad, the value 
used i s  from the weil which has the touest magnitude o f  uncertainty in the bore- 
hole-fluid density. 

(4) H - F 7  undisturbed head i s  based upon es t imte  from drill-stem 
tests conducted by R.  Reauheim (pers. comn. ?O/P/87). 'No transient 
data from H-t7 arc included i n  t h i s  modeling effort. 





APPENDIX F FORMATION-FLUID DENSITIES 

To interpret ground-wat er hydraulic and geochmi ca l  data, f orma tion-water 
d e n s i t y  data are required. The densities of water samples f r a  boreholes 
open to a given formation will be the same as the densities of the 

formation water only I f  the samples are not contaminated. Contamination 

can result from the mixing of fomation water with drilling f l u i d s ,  with 

f l u i d s  used i n  . borehole cons t ruc t ion ,  and with water f ran other 

formations. Knowledge of the extent of such contamination, if any, is 

required t o  evaluate the composition and dens i ty  of formation f l u i d s  fo r  

geochemical purposes and far  flow-path v a l i d a t i o n  t o  support ground-water 
modeling. 

Density and chemical analytical data on Culebra samples have been 

eva lua ted  For t h e i r  i n t e r n a l  censistency and f o r  indications of how well 

they  may represent the d e n s i t y  and chemistry of Culebra fomation 

waters . The evaluation procedures are described in Haug et al . ( 1 987 3 . 

Table F . ?  lists the density data base. There ace sane additional entries 
in t h i s  data base that were not present in Haug et dl. (1987). The table 

lists t he  reference and source of the sample d a t a ,  the date t h e  sample was 

taken, and the values of specific g r a v i t y  or dens i ty  of the sample. Using 

the methodology described i n  Haug e t  al. (19871, the  calcGated densities 
and t h e  d e n s i t y  values suggested for modeling purposes are presented. The 

latter column has been used i n  t h i s  modeling study. 

REFERENCES 

Haug, A., V. A. Kelley,  A.M. Lavenue, and J. F. Plckens, 1987. Modeling oP 

Ground-Water Flow in the Culebra Dolomite at  the  Waste Isolation P i l o t  

Plant IWIPP) Site: Interim Report. Sandia National Laboratories, 
Contract o r  Report SAND86 -71 67. 

Other References: The references for the data sources are l i s t e d  at  the 

end of Table F. 1 , 
F-I/?-2 
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e AFPEWIX G TRANSIEKT TESTS IMPLEMENTED 

DURING TRAMSIENT SIMULATIONS 

G.l Init ial  Conditions 

The purpose of this modeling study is not only t o  simulate the 

undisturbed hydrologic m d i  tions but t o  also simulate the transient 
behavior of the Culebra dolomite in response to the H-3 and WIPP-I 3 

m u l  t ipad pumping tests. These tests cannot be simulated adequately by 
simply assuming undisturbed hydraulic mndi tiom at the beginning of 

each of the multipad pumping tests. The major disturbing events 

(i.e., shaft activities and well tests) must be implemented in order t o  

obtain similar initial hydrologic condi tlons i n  the Culebra dolomite at 

the beginning of the H-3 and WIPP-13 multipad pumping tests. 

Descriptions of the  shaft activit ies,  t h e  well tests that are considered 

t o  be significant, and the H-3 and WIPP-13 multipad pumping tests are 
presented in the following sections. 

G.2 Description of Shaft Activitfes 

As already discussed in Section 3.7.4, the hydrogeology of the Culebra 

dolomite has been influenced by drilling and excavating three s h g t s  

(wastehandling shaft, construction and salt-handling shaft, and exhaust 

shaft) at the center of t h e  WIPP site. These s h a f t  activities have been 
by f a r  the m o s t  Important hydrologic disturbances at the WIPP s i te  since 
1981, resulting i n  lmge changes in the piezmetric surface at  the 

central part of the WIPP s i t e  ( Sect ion 3.7.4) . . 
. . 

G.2.1 The Early Shaft  History 
. . 

The f i r s t  shaft excavated w a s  the construction and salt-handling 

sha f t ,  formerly called the  exploratory shaft, A detailed history of 

0 t h e  shaft construction w a s  reported by Fenix and Scisson (1 9321, This 

HO9700 R554 G-l 

I 



history was used by Stevens and Beyeler 11 985) t o  model the  effect of 

the  shaf t  drilling and shaft completion on the hydrologic response at 

the H-1 , H-2, and H-3 wells in both the  Magenta and the Culebra 

Dolmite Members of t h e  Rustler Formation. As demonstrated by Stevens 

and Beyeler ( 1 985 , the effect of' the exploratory-shaf t construct ion 
on the pressures in the Culebra dolmite was significant a t  the well 

locat ions  H-1 , H-2, and H-3. 

A synopsis of drilling and construction events relevant  t o  this study 
is summarized below (modified after Stevens and Beyeler, 19851 : 

July 4, T 981 : S t a r t  of reverse-rotary d r i l l i n g  with 3.68-m 
diameter. Land-surface elevation is about 

1039.4 m amsl. 

August 4, 1981 : Drilled into the  top  of the Culebra dolomite. 

August 9 ,  1981 : Dri l led  through the  b o t t m  of t h e  Culebra 

dolomite. The drilling-fluid level in t h e  shaft 

fell below t h e  bottom of the Magenta dolomite 

I about 847.4 m msl) . Consequently, the  f 1 uid 

pressure i n  the Culebra dolomite (center a t  822 

m amsl) fell below 350 kPa. 

~ u w s t  15, 1983 : Drilling-fluid level i n  t h e  s h a f t  f e l l  below t h e  

bottm of the  Culebra dolomite; subsequently, 

ground-water Flow frm the Culebra dolomite in to  

the s h a f t  was unrestricted and the Culebra 

dolomite was exposed to atmospheric pressure 

(about 10'1 kPa) . 

October 24, 1981 : Drilling stopped 701 m below land surface; the 

borehole was filled with brine t o  about 77 m 



below land surf ace (962 rn amsl . The brine 

density was not reported. Stevens and Beyeler 

(1  985) estimated the ratio of the density of the 

brine t o  the density of the formation f l u i d  t o  

be about 1.3. The formation-fluid density a t  

the shaft Location is not exactly known, but 
3 likely t o  be between t .02 g/m (e  .g., at  the  

Well H-1) and 1.04 .g/cm3 ( e .g . ,  a t  H-3 or 
DOE-2) . Comequent ly , it can be assumed tha t  

3 the density of the  brine w a s  about 1.3 g/cm , 
which is rather high. Using this density, the 

pressure a t  the  center of the  Culebra dolomite 

can be calculated to be 1886 kPa. The 

corresponding equivalent freshwater head equals 

October 25, 1981 

t a  

November 1 5, T 981 : Brine w a s  continually added t o  the shaft . The 

drilling f l u i d  level, which w a s  occasionally 
reported, rose about 35 m over the time 

period. It is likely that a considerable amount 

of brine entered the Culebra dolcmite during 

that time period. 

November 16, 1981 : The drilling fluid level in the shaf t  w a s  

approximately 997+2 rn msl, resulting in a 

pressure of about 2334 kPa a t  the center of the 

Culebra dolomite (assuming 1.3 &cm3 as brine 

density ) . This corresponds to an equivalent 

freshwater head of 1049.7 m amsl. 



November 16, 1981 

to 

Decernber3, 1981 : Thecasingwas lowered i n t o t h e s h a f t .  Stevens 

and Beyeler ( 1  985) assumed that the  br ine  either 

over-flowed the borehole while t he  casing was 

being lowered or the  brine level. w a s  at ground 

level. This assumption results i n  a calculated 

formation pressure in the Culebra dolomite of 

2873 kPa or an equivalent freshwater head of 

1104.6 rn amsl. 

- 

e 

December 4 ,  1981 

to 

December 6 ,  1981 : Beginnf fig December 4, the annular space between 
the casing and the shaft wall was cemented. 
Stevens and Beyeler ( 1 985 ) again made the  

assumption t h a t  the  brine In the shaf t  was 

either overflowing onto the land surface or  w a s  
a t  land surface. 'bus it can be assumed that  

.the formation pressure in the Culebra dolomite 

was about the  same as during the casing 

installation. On ~ecember 6, the cement-sealing 

operation ended. 

Thus, t h e  early shaft-history period l a s t e d  frm J u l y  1981 through 

December 1981. The effects of t h e  activit ies at the exploratory shaft 
during t ha t  time period on t h e  hydrologic conditions at  the locations 

of H-1, H-2, and H-3  can be seen in the corresponding diagrams in 

Appendix E (Figures E.1, E.2, and E . 3 ) .  A l l  three figures show a 

sudden decrease of the freshwater head in the third quarter of 1981 

which was caused by the  Pirst exposure of t h e  Culebra dolmi te t o  
atmospheric pressure. The peak elevation, caused by Tilling the 

exploratory shaft with brine in December 1 981 , is also clearly shown a 
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on a l l  th ree  diagrams. The subsequent decrease of the freshwater 

heads in 1982 reflects the end of the influence by the explora tory  

shaft and the exposure of the Culebra dolomite to atmospheric pressure 
at the  ventilation shaft (Section G.2.2). 'Although tine above- 

discussed early sha f t  activities did  not slgnif  icantly influence t he  

hydrologic conditions in the Culebra dolomite in 1985, they were 

incorporated i n to  the s imulat Ions because their effects represent an 
excellent test of the behavior of the  transient model. The effects of 

the shafts over the total period of 1981 t o  1985, however, did  have a 

pronounced influence on the pcessure dis t r ibu t ion  in the Culebra at 

the s ta r t  of the H-3 rnultipad t e s t  in 1985. 

G.2*2 The Open-Shaft Period 
. . 

The drilling of the ventilation sbf t ( 1 -83 -m di meter) , which was 

widened two years later and renamed the waste-handling shaft (5.8-rn 

diameter), was started in December 1981 and completed in February 

1982. Drilling-fluid-level data frun this time period are not 

available. Therefore, it was assumed t ha t ,  similar to the drilling of 
the  exploratory shaf t  (Section G. 2+1), the drilling-f luid level f e l l  

below the  Culebra dolomite on ~ d u a r ~  15, 1982. Subsequently, the  

ground-water flow from the Culebra dolomite into the shaft w a s  
unrestricted, i.e., the Culebra dolomite w a s  again exposed to atmos- 

pheric pressure. The vent l l a t  ion shaft remained open and draining 

prior t o  excavation as the waste-handling shaft  between November 1983 

and August 1984. 

The third of the  three shafts, the exhaust shaft, w a s  started as a 

7-718-inch p i lo t  hole i n  October 1983. It was d r i l l e d  out to an 

11 -in& diameter in December 1983. The shaft was  then raise-bored to 

1.83-rn diameter from December 1983 to February 1984. Although the 

liner plate at  the elevation of t h e  Culebra dolomite was grouted 

during shaft construction in December 1 984, considerable seepage 



-. - - -.* - - . -c - - - - -- r 

through the l i n i n g  was observed (more than 1 liter/min). An addi- 
a 

tional grouting and sealing of. the Culebra doldmite w a s  conducted i n  

June and July 1985. me exact date for which the sedling of the 

Culebra dolomite W& effective is not k n m .  Based on the  recorded 

pressures at the waste-handling sha f t ,  it was assumed for modeling 
purposes that  the Culebra dblomite at the exhaust s h a f t  was sealed on 
July 15, 1985. A t  the scale of the model, the three shafts can be 

considered to be a single hydroLogic factor i n  the model. 

Consequently, it was assumed for the modeling study that the Culebzla 

dolomite was exposed to atmospheric pressure from January 15, 1982 

through July  15, 1985. During this time period, the  ground-water flow 

frm the Culebra dolomite into a t  least one of the sha f t s  was assma 

to be unrestricted. 

'She drawdown at the  well locations H-1 , H-2, and H-3 caused by the 

open shafts can be seen in the corresponding diagrams .in Appendix E 
(Figures E.l, E.2, and E.3). absequent t o  the spring of 1983, the 

drawdowns at these wells were disturbed by other act ivi t ies ( e m s . ,  
pumping tests>. merefore, the maximum drawdowns caused by the open 

shaft can only be estimated t o  be approximately 1 4 m at H-1 , 4 rn a t  H- 

2, and 2.8 m at H-3. 

The recorded data of H-4, H-5, H-6, P-15, and P-37 (Appendix E, 

Figures E.4, E.5, E.6, ~ . 1 8 ,  E.19)' do not show a clear response t o  the 

constsuction work at  the shafts, p a r t l y  because t h e i r  water levels 

were disturbed by other factors. It was  assumed t h a t  the effects of 

the open shaf ts  at  these well locations were less t h an  1 m. 

No water-level. data for t h e  t i m e  period before 1984 were available for 
the locations of DOE-1, H-71, WIPP-18, WIPP-13, WIPP-21, and 

WIPP-22. Therefore, it is not possible to estimate the effects of the 

shaft construction on the Pormation pressures a t  these locations. 

e 
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G.2.3 The Shaft Leakage After Shaft Sealing 

. , 
As mentioned before, the last of the three shafts { i . e.,  the exhaust 

shaf t  was l i n e d  and sealed in  J u l y  1 985. However, the sealing in a l l  

three shafts is not f u l l y  effective, allowing fomation water from the  

Culebra t o  leak through the shaft seals. Pressure transducers monitor 

the fomation pressures behind the shaft liners. Both the observed 

leakage and the measured formation pressures indicate t h a t  the Culebra 

dolmite has not returned t o  undisturbed hydrologic conditions and has 

a formation-pressure drawdown cone around the shaft  location.  I"ne 

depth and the size of t he  continuing drawdown cone w i l l  be governed by 
the long-term pressure at the shaf t  location md the remaining leakage 

rates. The .hydrologic conditions a t  the beginning 02" the H - 3  multipad 

test in October 1985 and the WIPP-13 multipad pumping test in 

January 1 987, thesef ore, l i e  smewhere between the oondi t ions caused 

by exposure t o  atmospheric pressure for  4 years, and new conditions 

defined by the remaining shaft leakage. 

The existing hydrologic data (Appendix E) indicate that the Culebra 

freshwater head at  the shaft location between July 1985 and October 

1985 was somewhere between 885 and 900 rn amsll. There ase no 

documented measurements of the total shaf t  leakage forb that time 

period. Leakage rate measurements taken in the waste-handling shaft 

i n  1986 range between 0.5 and 2 l/min. For the first transient 

simulations, a total leakage ra te  {for a l l  three shafts) of 2 lJmin 

was assumed fo r  the sealed but leaking shafts. 

G.2.4 Simulation of the Shaft History 

In  order t o  simulate the shaft history outlined i n  the previous 

sections, a sink/source a t  the shaft location was included in the 

model. Technically this was done by placing a PumpingJinjection well * 

in the grid block  tha t  corresponds t o  t h e  location of the thcee 



shafts. The early shaft  history (Section G.2.13 and the open-shaft 
period (Section G. 2.2 3 were simulated using the pressure-controlled 

mode of the wellbore submodel (Reeves et  a l . ,  1986). Using this model 

option, the  transient pressures a t  the  shaf t  location during that t i m e  
period Here prescribed. The corresponding leakage o r  injection rate 
was autmatically adjusted by SWIFT I1 during the simulation so that 

the prescribed pressures were maintained a t  the grid-block center 

For the simulation of the sealed but leaking shafts  (Section G. 2.33, 

the rate-controlled mode of the wellbore submodel (Reeves et'  al. , 
1986) was used. As discussed in Section G-2.3, an assumed leakage 
rate of 2 l/rnin w a  used for this event in the  transient simulations 

presented in,Section 5.0. 

G.3 Simulation of Well Tests 

Since 1 981 , the hydraulic heads of the Culebra dolomite hau not only 

been disturbed by the shaft activities discussed in the previous section 

but also by numerous well tests. Important f o r  the hydraulic conditions 

in the central part of the  model area were the tests pecfomed at H-2, 

R-3, and H-4. Consequently, t h e  tests on these wells or  hydropads that 

were considered t o  be relevant and t o r  which sufPicient data were 

available were implemented in the model. The following sections discuss 
the  tests which were considered important and the methodology used t o  

simulate these tests . 

G. 3.1 Well. Tests at the H-2 Hydropad 

Tne test history of t h e  H-2 hydropad is rather complicated (Appen- 

d ix  E, Figure E.21, consisting of a number of slug, pumping, and 

tracer tests. However, for this modeling study,' only tests conducted 
since 1981 were considered. This is because earlier tests  ace not  



likely t o  have an influence on the  hydrologic condi t ions  in the 

Culebra dolomite in 1985 or 1986. 

! W e d  an unpublished information (field-test notebooks prepared by 

Hydro Geo Chem, Inc. and INTERA Technologies, Inc. for Sandia National 
Laboratories), the iollouing major tests have been conducted at the 

H-2 hydropad in the period 1981 to  1985: 

o a pumping test  a t  H-2b2 (October 13-16$ 1983) with an average 

pumping sate of 1.47 l/min (calculated for a 72-hour pumping 

period) ; 

o a second pumping test at  H-2b2 (November 8-17, 1983) with an 

average pumping rate of 1.07 l/min; 

o bailing at H-2bl, H-2b2, and H-2c between June 7, 1984 and July 2, 

1984. The volumes of ground water removed from the different 

boreholes during the  different tests  totaled about 8100 1. This 

corresponds t o  an average production rate of 0.23 l/min during 

that time period; 

o a t h i r d  pumping t e s t  at H-2b2 (July 17 - August 2, 19841, During 

eight pumping periods, about 2600 1 were removed from that bore- 

hole. This corresponds t o  an 'average pumping rate of 0.11 l /min 
during the time period. 

Numerous additional tests or similar act ivi t ies were performed since 

1981, but because they did not last more than 3 or 4 days, they were 

not considered to be important enough to be implemented into t h e  

model. Also, recirculation t racer  tests performed at  the WIPP site 
were not considered because these tests do not represent a net removal 
of ground water from t he  Ctilebra. 



The well his tory at  the  H-2 hydropad was complicated by drilling 

activi t ies (e.g. , H-2b2 in smer  1 983) , well reconditioning ( e .g  . , 
all wells at the H-2 Rydropad in winter 1983/1984), packer movements 
and transducer installations.(e.g., H-2bl i n  July 1984). Sufficient 

data on these activities were not ava i l ab le  t o  al lw incorporat ion of 

them into the model. mus, . on1 y the four tests outlined above were 

implemented into the model using the SWIFT I1 wellbore subrnodel ( rate-  

controlled mode). The pumping rates associated with these four tests 

are illustrated in Figure 5.3. 

G. 3.2 Convergent-Flow Tracer Tests at .the H-3 Hydropad 

- After completion of the H-3 hydropad early in 1984, the f i r s t  major 

test conducted at that ,hydropad .was the convergent-flow t racer  test  

(Hydro Geo Chem, 1985; Kelley and Pickens, 1986). The activities 

associated with this test included well development, a. pumping test 

designed to evaluate the t;rmsmissivlty of the  Culebra dolomite at  the 

H - 3  hydropad, and the pumping, period corresponding t o  the  convergent- 

flow tracer test. The pumping rates associated with these activities 
are plotted in Figure 5.3.  The first two pumping periods (well 

development) were very short and therefore were not incorporated into 

the model. 

The first pumping period t h a t  ljas incorporated into the model. lasted 

from April 23 through May 7, 1984. An average production rate of 15 

l/rnin was used. On May 7 ,  the p&p~ng rate was lowered i n  order to 

prepare for the convergent-flow tracer test which had to be performed 

under regulated-flow conditions., As Figure 5.3 shows, a pumping rate 
of about 1 1 .4  l/min was madntained between May 7 and June 3 ,  1 984. 

From June 3 until the  end of t h e  test on June 12, 1984, moderately 

higher pumping rates were recorded. An average pumping rate of 13.2 

l/min was se lec ted  for modeling purposes for this l a t te r  period. 



In summary, t he  convergent-flow tracer t e s t  was implemented as a 

pumping test using 15 l/min f o r  the time period from April  23 to 

May 7; 11.4  l/min frm May 7 t o  June 3; and 13.2 l/min fran June 3 to 
June 12, 1984. 

G. 3,3 Step-Drawdown Test at the  H-3 Hydropad 

A step-drawdown t es t  w a s  performed at  the H - 3  hydropad between June 20 

and July 10, 1985 (INTERA, 1986). Using the well H13b2 as a pumping 

well, the pumping rate was step-wise increased (Figure 5.3) and the 

responses i n  the  surrounding wells recorded (Appendix E) . 

As illustrated in Figure 5.3, the following avesage pumping periods 

and rates were implemented: 

June 20 - June 24, 1985 F 7.75 I/min 
J u n e 2 4 - J u n e 2 8 ,  I985 : 15.0 l/min 

J u n e 2 8 - J u l y  5, 1985 : 18.0 I/min 

July 5 - J u l y  10, 1 985 : 19.25 lJmin 

These four pumping periods with the correspnding pumping rates were 

implemented using the rate-controlled mode of the  SWIFT IL wellbore 

submodel. 

G.3.4 H-3 Multipad Pumping Test 

The pumping period of the H - 3  multipad pumping t e s t  was from 

October 15, 1985 t'nrough December 16, 1985 (INTERA, 1986). Using the  

H-3b2 well as the pumping wells an average of about 78.5 l/min 

(Figure 5.3) was removed over a time period of 62 days. The H-3 

multipad pumping test  w a s  incorporated into the model using the rate- 

controlled mode of t he  SWIFT If wellbore submodel. 
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G.3.5 Convergent-Flow Tracer Test at' the 14-4 Hydropad 

A long-term tracer test was conducted at the  H-4 hydropad frm 

October 24, 1982 t o  October 15, 1984 (Hydro Geo Chem, 1985; Kelley and 

Pickens, 1986). The withdrawal well was H-4c. The pumping rate 

during the t racer  test  (Figure 5.3) can be generally divided into two 

sepasate flaw periods. The first flow rate started October 24, 1982 

with a pumping rate of about 1 l/min which cont inued until June 10, 

1983. A t  t h a t  time, the pumping r a t e  w a s  doubled t o  2 l/min and 

maintained u n t i l  August 9, 1983. As Figure 5.3 shows, t h e  pumping 

rate fluctuated around '1.86 l/min during the following months until 

June20, 198q. Sl igh t l y  higher pumping rates, with an est imated 

average of 2 Urnin, were recorded from June 20, 1 984 until the end of 

the tracer t e s t  on October 15, 1984. Similar to t h e  other well tests, 
the H-4 convergent-f low tracer test was implemented i n to  the model 
us ing  the rate-controlled mode of the SWIFT f I  wellbore submodel. 

6 .3 .6  WIPP-13 Multipad Pumping Test 

The WIPP-13 multipad pumping t e s t  consisted of a %-day constant-rate 
pumping period followed by a 72-day recovery period. The test began 

on January 12, 1987, with WIPP-13 being pumped continuously at 

approximately 1 16 I/min until February 17, 1 987 (Stensrud et al . , 
1987) . The actual pumping rate varied slightly aver the 36-day period 

from 113 l/min t o  119.8 Urnin. 

Four periods were used in the model to implement the W3PP-13 pumping 

test. From January 12 to January 27, a pumping rate of 113.4 l/min 

was  used. The second period was from January 27 t o  February 4 and had 

a pumping rate of 1 16.4 llmin. The highest pumping rate of 11 9.4 

l/min was implemented f rm February 4 t o  February 1 1 . Rle four th  

period l a s t e d  frdan February 11 u n t i l  February 17 and had a pumping 

rate of 1 18.0 l/min. The pumping rates implemented in the model are . 
illustrated in Figure 5.3. 



G. 4 Time-Step Considerat ions 

7he transient resolution of the simulation of each of the hydrologic 

disturbances is a direct function of the number and the length of the 
time steps. Taking into account the Length of time to be simulated 

(more than 6 years) and the transient resolution of the observed head 
data (Appendix E) , it was determined that a resolution of one day was 
appropriate. Con$equently, the smallest time step used i n  this modeling 
study had a length of one day. In order t o  optimize the efficiency of 

the transient simulations, the minimum time step was only used at the 

beginning of a new activity, e . g . ,  at the start of a test or  after 

dr i l l ing  a shkft. Similar t o  the canmon practice of reducing monitoring 

frequency during a hydraulic tes t ,  the  length of subsequent time steps 
was increased Ce.g., 2, 4 ,  8, 16 days). An arbitrary maximum of 32 days 

w a s  chosen for the time-step size. 
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