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Abstract 
The finite-element code ISOQUAD was used to simulate the head distribution within the two major water-bearing 
units of the Rustler Formation a t  the Waste Isolation Pilot Plant (WIPP), the Magenta and Culebra dolomites. 
The derived surfaces correlate well with those generated manually by the US Geological Survey (USGS) and 
Sandia National Laboratories (SNL). Calculated migration of a continuously injected contaminant from an 
assumed smeared point source a t  the center of the site was observed in terms of concentration relative to the initial 
input,. Migration rates of specific concentration fronts decreased with increasing time. The average rate of 
movement of the relative concentration contour was less than 10 m/yr for the first 800 yr in the Culebra Dolo- 
mite. By 800 yr, the migration of this concentration front has essentially ceased. In the case of the Magenta Dolo- 
mite, the average rate of movement of the relative concentration contour was 0.44 m/yr for the first 676 yr of 
continuous contaminant injection; the contaminant plume in the Magenta shows little movement thereafter. For 
reasons of scale, the plume calculation overestimates the actual rate of movement of contaminants. Particle 
velocities for selected streamlines, more characteristic of contaminant movement, are calculated in Appendix B for 
comparison with the results of the FEIS. These particle velocities indicate groundwater travel times of -130 000 
yr from the center of the WIPP site to a distance of 12.9 km (8 mi). 

The validity of the porous-medium approximation of the Rustler aquifers was examined by the evaluation of the 
drawdown portion of aquifer pump tests. Drawdown curves were successfully duplicated as a function of hydraulic 
conductivity, storativity, and well radius. Estimation of the effective radius examined in each well test indicates 
that there are no significant fluid-bearing fractures or channels within 60 m of tested wells. Because of variable 
test duration and in situ hydraulic properties, effective radii tested range from 37 to 1500 m (see Appendix A). 
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Interim Report on the Modeling 
of the Regional Hydraulics of 

the Rustler Formation 

Introduction 
In modeling work performed in support of the 

Final Environmental Impact Statment (FEIS) for the 
Waste Isolation Pilot Plant (WIPP) in southeastern 
New Mexico, several scenarios involving breach of the 
facility and resulting in potential release of contami- 
nants to the environment by means of groundwater 
were investigated, and models were generated for 
these scenarios. Because of the limited data available 
a t  that time (19801, it was necessary to make several 
assumptions: 

The two fluid-bearing zones within the Rustler 
Formation, the Magenta and Culebra Dolo- 
mites, would form a single composite aquifer, 
which would be the principal conduit for any 
releases reaching the environment. 
Both fluid and contaminant-transport modeling 
of the Rustler Formation could be carried out to 
a sufficient degree of accuracy by using the 
porous-medium approximation. 
Ultimate discharge of Rustler brines would 
occur a t  Malaga Bend, located along the Pecos 
River -39 km (24 mi) from the center of the 
WIPP site. 

Since the FEIS, substantial additional hydrologic 
data have been collected, which allow development of 
a more complete model of the flow system in the 
Rustler. These data indicate the following: 

1. There are three separate fluid-bearing units 
within the Rustler: (a) the Magenta Dolomite, 
(b) the Culebra Dolomite, and (c) the Rustler- 
Salado contact. The dolomites are areally 
extensive and fairly uniform in thickness, each 
6.9 to 9 m thick and conforming to the regional 
dip, generally dipping gently in an easterly 
direction. The Rustler-Salado interface con- 
sists of a dissolution zone within the confines of 
Nash Draw, but is generally a simple strati- 
graphic contact elsewhere (Gonzalez, 1983b). 
The Rustler-Salado contact is not considered 

as an aquifer in this report, since it is not likely 
that this local aquifer constitutes a means of 
transporting contaminants in the vicinity of 
the WIPP. 

2. In most areas, the relative and absolute values 
of freshwater heads in the Magenta and Cule- 
bra Dolomites are separate and distinct. For 
the most part, head potentials decrease down- 
wards within the Rustler, with those in the 
Magenta generally higher than those in the 
Culebra and those in the Culebra higher than 
those in the Rustler-Salado interface. 

3. In addition, it appears that fluids from the 
underlying Bell Canyon could just reach the 
elevation of the Culebra in an open hole. I t  may 
be that, in the event of any connection between 
the two aquifer zones, flow would actually be 
downwards, rather than upwards into the Cule- 
bra or Magenta. However, since the data for the 
Bell Canyon are scanty a t  present, it  is pre- 
sumed here (in order for fluids to move more 
quickly to the biosphere) that the primary 
units for solute transport a t  the WIPP remain 
the Magenta and Culebra. 

The main objectives of this report are to 

1. Numerically simulate the separate freshwater 
potential surfaces within the Magenta and 
Culebra Dolomites 

2. Estimate the rates and extents of migration of 
ideally nonsorbing contaminants continuously 
injected into the Culebra and Magenta 
Dolomites 

Supporting analyses have been placed in appendi- 
ces, rather than in the general text. Appendix A 
investigates in detail the drawdown responses of sev- 
eral pumped wells a t  and near the WIPP. The goal is 
to reexamine the validity of the porous-medium ap- 
proximation in modeling Rustler hydraulics. Appen- 
dix B compares groundwater travel times calculated 



I here with those estimated in the FEIS. The objective 2 . q + T . V h = O  
is to determine whether or not the FEIS calculations - ah 
still appear conservative. Appendix C compares model ac - K e 3. S a t  + V (69) + tbBd- - 6W - 6, - 

I results obtained here in a test problem with those at be 

1 contained in a primary reference. (h-he) = 0 , 

1 where 

Fluid Flow Simulation 
Pump tests performed both on three-hole hydro 

pads and in individual hydro holes are compared 
against pump tests calculated by using the porous- 
medium approximation in Appendix A. Results con- 
tained in Appendix A indicate that 

In most cases pump tests at  and near WIPP can 
be adequately represented through use of a 
porous-medium approximation. 
Radii of influence, within which significant 
high-permeability channels are absent, range 
from 37 to 1500 m (120 and 5000 ft) depending 
on the well tested. 

I Based on these results, it is assumed in following 
discussions that the porous-medium approximation is 
an adequate representation of Rustler hydraulics. 

I 
To simulate movement of fluids in the Magenta 

and Culebra Units, a mathematical representation is 
I needed of such flow and of the fluid-bearing units. 

I The representation used here consists of the appropri- 
ate differential equations and a grid representing the 
region of interest. The Culebra and Magenta Dolo- 
mites being saturated, artesian, and of uniform thick- 
nesses throughout the study area, it is expedient to 
represent each unit in two dimensions. In this case an 
areal representation is chosen that greatly reduces 
time and expense of computation. The area in which 
flow is simulated is a block 25.8 x 25.8 km (16 X 16 
mi) centered on the proposed site. This area was 
picked to include almost all of the available hydrologic 
study holes and most of the area of Nash Draw located 

I west of the site (see Figure 1). The entire area was 
broken down into blocks 1.6 km (1 mi) square, a grid 

1 size chosen to be consistent with both the radii of 
influence obtained for the various experimental 
hydrologic study holes and with the general spacing of 
the study holes. 

The following equations were developed by inte- 

1 grating the more general three-dimensional forms 
I over the vertical dimensions. 

I The equations to be solved are 

b = thickness of the aquifer (L) 
C = the mass concentration of the contaminant in 

the fluid (MIL3) 
D = bD' is an effective dispersion coefficient for 

the entire thickness b of the aquifer, and D' is 
the dispersion tensor (L3/T) 

q = the mass average-rate of flow per unit width 

- of the aquifer (L2/T) 
S = 6gbA is a dimensionless storage coefficient (A 

= coefficient of storativity) 
= the transmissivity tensor (L2/T) 

W = bW, where W is the rate of production of a 

the porosity 
head (L) 
fluid density (MIL3) 
6, + Pd(C-Co), fluid density (MIL3) 
coefficient of compressibility 
coefficient for dependence of density on con- 
centration 
corresponding quantities for the overlying 
confining aquifer are subscripted C 
gravitational constant (LIT2) 

The equations were solved by using an existing 
computer code (ISOQUAD) (Pinder, 1974), a finite- 
element code in two dimensions, used for simulating 
flows in a porous medium. The method of solution in 
ISOQUAD utilizes the Galerkin technique. This code 
is for isothermal flow, and assumes no density change 
in the fluid due to the presence of the contaminants. 
The operation of the code was tested by running a test 
problem from the literature, documented in Appendix 
C, which exhibits a well-formed plume and is sup- 
ported by field data (Pinder, 1973). For the calcula- 
tions, a finite-element grid was first set up, consisting 
of a 25.76 km-(16 mi-) square array of 256 elements, 16 
x 16, with a total of 367 nodal points. The center of 
the repository site is located at  the center of the grid. 

a 
1. 7 . (ED . VC) - V. (Cq) - - (Ceb) - btCap6g at. 





The boreholes for hydraulic testing are shown in 
Figure 1 (Gonzalez, 1983a). Since this is an inverse 
problem (Anderson, 1979) without a known head 
structure, it  is necessary to first establish an initial 
head distribution. From that, a distribution of 
hydraulic conductivities and boundary conditions can 
be derived to allow construction of a self-consistent 
model that reproduces the experimental head values. 
Construction of that model includes a variation of 
parameters to investigate the sensitivity of the head 
distribution to the values selected. To establish a head 
distribution in the grid, the exterior boundary of the 
grid was made a reflection boundary, and head values 
determined a t  the boreholes were set as fixed- 
boundary values. Nodal points were moved to corre- 
spond with the locations of individual wells. The 
results, however, are plotted on a rectangular grid. 
Values for porosity, transmissivity, and aquifer thick- 
ness for each element were established on the basis of 
existing borehole hydraulic data (Gonzales, 1983a), 
stratigraphy (Powers et al, 1978), and local hydraulic 
trends (decreasing transmissivity from west to east 
across the proposed WIPP site in the Culebra (Gonza- 
lez, 1983b)), Figures 3 and 15. Elements containing a 
test borehole or in the immediate vicinity of a bore- 
hole are assigned values determined by tests a t  that 
borehole. Average values were assigned for unknown 
parameters, based on the stratigraphic trends and the 
closest available borehole data. Because of the head 
differential between the Culebra and Magenta (except 
in part of Nash Draw) it was assumed that there was 
no vertical leakage. Based on the derived head distri- 
bution, Figures 4 and 16, and the assumed distribu- 
tion of hydraulic conductivities, K, a self-consistent 
set of K's and heads was established (i.e., Figures 5 
and 17). In this process the heads were fixed a t  the 
boundary and the values of K varied to attempt to 
match the experimental head values a t  the wells; the 
match is shown in Figures 5 and 17. The variations 
were done with the following premises: (1) variation of 
K should as much as possible be within the range of 
measurements, (2) drastic changes of K are avoided 
unless supported by near-by well data, (3) boundary 
values of the head are adjusted when (11, (2) are 
unsuccessful, and (4) there should be a reasonable 
approximation to the known head values. The derived 
K distributions for the self-consistent problem are 
given in Tables 1 and 2 for the Culebra and Magenta, 
respectively; the values vary from the initial values on 
an element-by-element basis. The element count 
starts by columns in the lower !eft corner and counting 

vertically upwards to 256. For the calculation of plume 
migration, the exterior boundary was made a Dirichlet 
boundary for heads and concentration; contaminant 
concentration was set a t  zero a t  the boundaries. 

After the calculation of the self-consistent poten- 
tiometric head distribution, the next step was to re- 
duce the scale of the problem being calculated so that 
the motion of a mass of contaminant, a plume, could 
be calculated in more detail. Three "cutouts" of the 
center of the region around the site were made, 9.68 X 
9.68 km (6 X 6 mi), 4.8 x 4.8 km (3 X 3 mi), and 2.4 X 
2.4 km (1.5 X 1.5 mi) in size. The head distributions 
derived in the large problem (16 X 16 mi) were 
assigned to each of the smaller regions. The smallest 
cutout consisted of 256 elements, 150 X 150 m (492 X 
492 ft) in size. 

The problem of contaminant migration was 
started in the smallest scale (2.4 X 2.4 km), using a 
fixed, constant source of one unit a t  the center, and 
arbitrarily assigning a relative concentration of 0.1 to 
the nodes immediately surrounding the point source. 
A Dirichlet boundary condition for concentration was 
applied a t  the boundaries and set to zero. The motion 
of this initial plume is calculated until the time a t  
which the plume begins to interact with the model 
boundary. At that time, the results are transferred to 
the next larger cutout (4.8 X 4.8 km), so that the 
boundary is moved farther away from the source of 
the contaminants, and calculations are resumed. This 
procedure is continued, as necessary, to the large 
problem, in order to minimize interaction with the 
boundary of the model. 

Even though a sharp, well-defined plume is input 
into the smallest problem, dispersion, resulting from 
physical processes, the numerical method used and 
the change of scale cause the plume's edges to become 
less distinct with increasing time. This means that 
there is not a sharp contaminant front, so the results 
of the calculations are displayed in terms of specific 
fractions of the initial source input. In these calcula- 
tions, the relative concentrations plotted are lo-', lo-', 
and of the source input. 

A unit source is specified so that a wide range of 
release scenarios and types of contaminants is includ- 
ed. This input source runs continually for the duration 
of the calculations. I t  is not obvious that the inventory 
of WIPP for a given nuclide is exhausted by the time 
of the last run presented here (0.7 X lo3 to 1.4 X lo3 
yr). To correct the unit source assumed in the calcula- 
tions to an actual concentration requires specification 
of the chemical state of the fluid and the contaminant. 



Table 1. Derived Values for the Hydraulic Conductivity of the Head Distribution: 
Culebra Unit 

E L E ~ E N T  HYDRFIULIC l W - )  
NUflBER COt4DUCTIUITY STOR6CE POROSITV 

o() ( V )  
5.9BE-85 
5.9BE-85 
5.98E-85 
5. SBE-85 
5 .88E-85 
5.88E-85 
5 .WE-85 
S .@BE -85 
5. @BE-05 
5, WE-85 
5. @BE-85 
5. 88E-85 
5.88E-05 
5.BBE-B5 
5,BBE -95 
3.30E-85 
5.98E-85 
5.98E-85 
5.9BE-85 
5.9BE-85 
5.88E-85 
5.88E -85 
5.88E-85 
5.88E -85 
5. 88E-85 
2.44E-85 
2.44E-86 
5.88E-86 
5.88E-85 
5. @BE -85 
5.88E -85 
5. @BE-85 
1.82E -84 
1 .82E-84 
1 .82E-84 
1 .82E-04 
7.67E-85 
7.76E-85 
4.68E-85 
4.6BE-85 
2.43E-85 
2.43E-85 
i?. 44E-85 
2.38E-85 
4.68E-85 
6.68E-85 
3.38E-85 
3,3BE-85 
1 .WE-84 
1 .WE-84 
1. @I?€-84 
1. 8ZE-84 
7.67E-85 
7.67E-85 
4.6BE-85 
4.68E-85 

1. BE-85 
1.BE-85 
1.M-85 
1. BE-85 
1 .BE-85 
I.@€-85 
1.0E-85 
1.8E-85 
1 .BE-BS 
1 .BE-95 
1 .BE-85 
1.8E-85 
1 .8E-05 
1.8E-05 
1 .BE-85 
1,8E-B6 
1 .8E-85 
1 .BE-85 
1 .BE-85 
1.8E-85 
1. 8E-85 
1.8E-85 
1.8E-85 
1 .8E-85 
1.8E-85 
1 .@€-a2 
1 .BE-02 
1 .8E-85 
1.8E-85 
1 .BE-88 
1 .BE-& 
1.8E-85 
3.8E-84 
3.8E-84 
3.w-04 
3.8E-84 
1 .@€-a5 
1 . BE-85 
1. BE-85 
1 .BE-85 
1 .BE-02 
1. BE-BZ 
1.8E-82 
1 .BE-05 
1.8E-85 
1. BE-86 
1.8E-86 
1 .BE-86 
3.8E-84 
3.8E-84 
3. BE-84 
3.M-84 
1. BE-85 
1 .8E-85 
1. BE-BS 
1.BE-05 

,188 
.lee 
. lee 
.I88 
.I88 
188 

.I80 

.:Be . 1 80 

. lee 

. lee  

. lee 

.I88 
, lee . lee . lee . lee . lee 
,188 . 188 
. la8 
. lee 
.I88 
. lee 
,188 
. lee 
. lee 
,198 
. l e e  
,190 
. l ee  
. l ee  
. l ee  
. lee  
,188 
,180 . lee 
.lee . l e e  . lee . lee . lee . lee 
.lee 
.lee 
. lee 
.I88 . 188 
. lee . lee 
.lee 
,188 
. l ea  
,180 
. lee . l e e  

DISPERSIVlf't' ( m )  
LONGITUDINAL TRfiNSUERSE 

28.0 2.8 

FOR GLL ELENEN15 

(INTERR, 1981) 



Table 1. (cont) 

ELEIIENT HYDRAULIC lm"eC ) 
HURBER CONDUCTIUITY STORCIGE 

(N ( Y )  
POROS I TY 

,188 . lee 
.lee . lee . iee . lee 
,100 . 1 ee 
.lee . 100 . 1 ee 
.I00 . lea 
,100 
.lee 
.la0 . 100 
,100 
.I00 
.I00 
.lee 
,100 
.lee 
.lee . 1 00 . lee 
, lee . 1 ee . lee . 100 . 100 
.lee 
,108 
.lee 
.lee 
.I08 . 1 ee 
.lee 
.I80 
.lee 
lee 
.lo0 
.lee 
.I00 
.lee 
.I00 
.I80 . 100 
.lee . lee . 1 ee . lee 
.I00 . 100 . lee 
108 

20.8 a. e 
FOR RLL ELEPIENTS 

(INTERA, 1981 



Table 1. (cont) 

ELEBEN 
NUnBE 

IT HY DR 
R CONDUC 

( X )  

4.42E-85 
4.42E-85 
4.42E-85 
4.42E-85 
1.41E-87 
1.41E-07 
8.63E-87 
8.28E-08 
4.98E-89 
2.17E-87 
4468E-86 
1.38E-85 
1.38E-85 
1 38E-85 
1.21E-85 
l .2 lE-85 

.4.42E-85 
4.42E-85 
4.42E-85 
4.42E-85 
1.41E-87 
1 e41E-87 
1.26E-87 
8.61E-88 
8.46E-08 
2.17E-88 
2.17E-88 
2.17E-86 
1.38E-85 
1.21E-85 
1.21E-85 
1.21E-85 
3.46E-89 
3.46E-09 
3.46E-89 
3.46E-09 
2. 17E-89 
5.29E-11 
5.29E-11 
8.46E-88 
9.33E-09 
9.33E-89 
1.54E-87 
1.33E-86 
1 .33E-85 
l .2 lE-05 
1 .ZlE-05 
1 .l!lE-85 
3.46E-09 
1 .73E-89 
3.46E-89 
3.46E-89 
2.17E-89 
5.Z9E-11 
5.29E-11 
1 .58€-89 

,c 
STORAGE 

DISPERSIUITY ( n )  
LONGITUDINAL TRClkSUERSE 

28.0 2.0 

FOR ALL ELEflENTS 

(INTERfi, 1981) 



Table 1. (cont) 

186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
aee 
20 r 
202 
283 
204 
285 
206 
207 
208 
209 
ale 
21 1 
212 
213 
214 
215 
216 
217 
218 
219 
228 
22 1 
222 
223 
224 
>? 

HYDRAULIC (m'5ec 
CONDUCTIVITY 

( X I  (Y) 

9.33E-89 2.15E-08 
9.33E-89 2.15E-88 
1.54E-08 2.52E-08 
1.33E-06 3.85E-06 
1.33E-86 3.85E-86 
1.2lE-85 2.79E-05 
1.2lE-05 2.79E-05 
l.2lE-85 2.79E-85 
3.46E-89 7.97E-89 
1.73E-09 3.98E-89 
3.46E-89 7.97E-89 
3.46E-89 7.976-80 
2.17E-88 5.886-88 
2.17E-88 5.BBE-08 
8.61E-10 1.41E-10 
8.61E-10 1.4lE-10 
2.176-08 5.8BE-08 
2.17E-88 5.BBE-08 
2.17E-88 5.00E-08 
1.54E-06 2.52E-06 
2.17E-86 5.BBE-06 
2.17E-05 5.BBE-05 
2.17E-05 5.8BE-05 
2.17E-85 5.BBE-85 
3.46E-09 7.97E-89 
3.46E-09 7.97E-89 
3.46E-89 7.97E-09 
3.46E-89 7.97E-09 
2.17E-08 5.BBE-88 
2.17E-08 5.BBE-08 
2.17E-08 5.BBE-88 
2,17E-B8 5.BBE-08 
2.17E-06 5.BBE-06 
2.17E-06 5.BBE-06 
2.17E-86 5.BBE-86 
2.17E-06 5 .@BE-86 
2.17E-06 5.88E-06 
2.17E-05 5.BBE-05 
2.17E-85 5.0BE-05 
2.17E-05 5.88E-05 
3.46E-89 7.97E-89 
3.46E-09 7.97E-09 
3.46E-09 7.976-09 
3.46E-09 7.97E-89 
2.17E-BU S.BBE-88 
2.17E-08 5.BBE-88 
2.17E-08 5.BBE-88 
2.17E-08 5.BBE-88 
2.17E-86 5.BBE-86 
2.17E-06 5.BBE-06 
2.17E-86 5.BBE-86 
2.17E-06 5.00E-86 
2.17E-86 5.BBE-86 
2.17E-05 5.00E-85 
2.17E-85 5.00E-05 
3.17E-05 5.80E-85 

) 

STORRCE POROSITY 

. lee 
,100 . 1 Be 
.lee 
,100 
,100 
.lee 
,100 
,100 . 1 ee 
.lee 
.lee 
.lo0 
.lee 
.lee 
.lee 
.lee 
.lee 
.lee . 100 . 1 Be . 1 ee 
180 
.LOB . lee . lee . lee . lee . 1 Be . lee . lee . iee 
.lee 
.lee . lee 
.lee . lee . lee . lee 
.LO8 
.lee 
.lee 
.lee 
,100 
,100 
,100 
,100 
.lBB 
.lee 
.lee 
,100 
.LBO 
.lee 
.lee 
,100 . lee 

DISPERSIUITY ( m )  
LONC[TUDINRL TRRNSUERSE 

28.8 2.0 

FOR ALL ELEflENTS 

( INTERA, 1981 ) 



Table 1. (cont) 

ELEnENT HYDRCIULIC 
NUMBER CONDUCTIUITY 

( X I  ( Y  I 

225 3.46E-89 7.97E-09 
226 3.46E-89 7.97E-09 
227 3.46E-09 7.97E-09 
228 3.46E-89 7.97E-89 
229 2.17E-08 5.8BE-88 
230 2.17E-09 5.8BE-09 
231 2.17E-89 5.BBE-89 
232 2.17E-86 S.8BE-86 
233 2.17E-06 5.BBE-06 
234 2.17E-86 5.88E-06 
235 2.17E-86 5.88E-86 
236 2.17E-86 5.0BE-06 
237 2.17E-86 5.88E-86 
238 2.17E-87 5.BBE-07 
239 2.17E-86 5.80E-06 
240 2.17E-07 5.08E-87 
241 3.46E-89 7.97E-89 
242 3.46E-09 7.97E-89 
243 3.46E-09 7.97E-89 
244 3.46E-09 7.97E-89 
245 2.17E-89 5.08E-89 
246 2.17E-89 5.88E-89 
247 2.17E-09 5.88E-89 
248 2.17E-86 5,08E-86 
249 2.17E-06 5.8BE-86 
258 2.17E-86 5.88E-86 
251 2.17E-86 5.88E-06 
252 2.17E-06 5.88E-86 
253 2.17E-86 5.8BE-06 
254 2.17E-86 5.88E-86 
255 2.17E-86 5.88E-86 
256 2.17E-06 5.0BE-06 
>? 

POROSITY DISPERSIUITY ( a )  
LONGITUDINAL TRINSUERSE 

20.8 2.8 

FOR fiLL ELERENTS 

(INTERA, 1981) 
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Table 2. Derived Values for the Hydraulic Conductivity of the Head Distribution: 
Magenta Unit 

LLEMENT HYDRAULIC (m'sec 1 
MUIIBER CONDUCTIUITY STORAGE POROSITY 

( X  ( V  
DISPERSIUITY (ml 

LONGITUDINAL TRGNSUERSE 

28 .8  2 . 8  

FOR 6LL ELEMEMTS 

(INTER6, 1981 ) 



Table 2. (cont) 

. lee . lee 
,180 . 100 
.la8 
.I88 . lee 
,100 . 188 . lee . i ee . lee . lee 
,100 . 100 . lee 
,108 
,188 . lee . lee 
-108 
,188 . 180 
.lee 
.lee 
.lee . lee . iee 
.lee . lee 
.lea . lee 
* 108 
,188 
.I08 
.I88 
,100 
.lee 
-188 . lee . lee . lee 
,100 
.lee 
188 . 180 
,100 
el08 
.lee 
.lee 
.I88 
.188 . tee 
188 . lee 
el08 

DISPERSIUITY (n)  

LONGITUDINAL TRRNSUERSE 

29.8 2.0 

FOR ALL ELEnENTS 

( INTERA, 1981 1 



Table 2. (cont) 

ELEMENT HYDRRULIC ' m ' m c  I 
NUflBER CONDUCTIUITY STORRCE POROSITY 

( X I  ( Y  

DISPERSIUITY ( n )  

LONGITUDINAL TRRNSUERSE 

ZB. 6 2 .  8 

FOR ALL ELEIIENTS 

(INTERA, 1981 



Table 2. (cont) 

ELEllENT HYDRAULIC (m''ec 
nuflBER CONDUCTIVITY STORbCE POROSITY 

(K) ( Y )  

DISPERSIUITY ( m )  

LONCITUDlNfiL TRRnSUERSE 

2 0 . 0  2.8 

FOR GLL ELEnENTS 

( INTERfi, 1981 I 



Table 2. (cont) 

ELEflENT HYDRAULIC'm'sec) 
NUflBER CONDUCTIUITY STORRCE POROSITY 

( X I  ( Y )  

1 .BE-83 
1 BE-83 
1 BE-83 
1 .BE-03 
1.8E-83 
1.BE-85 
I. BE-'a5 
1 . BE-85 
1 .8E-85 
1.8E-85 
1 .BE-85 
1 .BE-85 
1.BE-85 
1.8E-85 
1 .BE-85 
1. BE-85 
1.8E-83 
1 .BE-03 
1. BE-83 
1.8E-83 
1. BE-83 
1 ,BE-05 
1.BE-85 
1. BE-85 
1.8E-85 
1.8E-85 
1.8E-85 
I. BE-85 
lee€-85 
1.8E-85 
1.BE-85 
1. BE-BS 

. lee 

. lee 

. l e e  . i ee . lee  

. l ee  . l e e  
,108 
. l e e  
-188 . lee 
,188 . lee 
.lee . lee . lee . tee . lee  . l ee  
,188 . tee  . lee  
,198 
.1BB . lee  
. lee  . lea  
,108 
,180 
,198 . lee  
.lee 

DISPERSIVITY (n 

LONCITUDINflL TRANSUERSE 

20.8 2.8 

FOR ALL  ELEPlENTS 

(INTERA, 1981) 



By way of crude example, if it is presumed that 
WIPP accepts lo6 drums of TRU rubbish with an 
average loading of 1 g of Pu, then the repository 
inventory is lo6 g of Pu. If i t  is assumed that this 
inventory is released over lo3 yr, the flow in the 
Culebra over the site (2 X 10' m3/yr) implies a concen- 
tration of -5 ppm. For a very acidic fluid (pH -3), 
the solubility limit for any state of Pu  is -20 ppm (D. 
Rai e t  al, 1980). Actual fluid pHs are measured in the 
Culebra in the range of 6 to 9, where the solubility 
limit is a t  least two orders of magnitude smaller and 
limits the maximum concentration in the Culebra by 
at  least the same factor. Thus the unit source could be 
interpreted as 0.02 to 0.2 ppm and the time for ex- 
haustion of the inventory 2.5 X lo4 to 2.5 x lo5 yr, 
ignoring radioactive decay. 

The Magenta and Culebra 
Dolomite Aquifers 

These two fluid-bearing units of the Rustler For- 
mation are of differing importance in transport con- 
siderations and generally seem to be hydraulically 
distinct (Gonzalez, 1983b) (except perhaps in Nash 
Draw) and are discussed here separately. Two basic 
results are extracted for each unit from these separate 
calculations: (a) the self-consistent distribution of 
potentiometric heads on a regional scale (16 X 16 mi, 
25.8 X 25.8 km); and (b) the movement of contami- 
nants introduced continously into each unit. The 
stratigraphic positions of the Magenta and Culebra 
Dolomites are shown in Figure 2 (Gonzalez, 1983a). 
The Culebra is discussed first, since it appears to be 
more important. 

Culebra Unit 
The data for the Culebra for the 16 mi X 16 mi 

region being modeled consist of water level measure- 
ments, pump tests, and slug tests at  19 different 
locations. The measured wells that were used were 
H-1 through H-10, USGS-1, P-14, P-15, P-17, P-18, 
W-25 through W-28, and W-30. The measurements 
and modes of testing are described by Gonzalez 
(1983a), except for USGS-1, described by Cooper et  a1 
(1971). The physical characteristics of the unit and its 
inferred hydraulic properties are discussed in Cooper 
et a1 (1971) and Gonzalez (1983a). The need to deter- 
mine if the medium was isotropic led to the selection 
of three sites that were examined at  length by Hydro 
Geo Chem, Inc and by D. Gonzalez, SNL (Ward et al, 
1983). The tests for anisotropy at  three locations, H-4, 
H-5, and H-6, show that the Culebra is anisotropic 
with the ratio of major-to-minor axis values for the 
transmissivity in the range of 1:2.3 to 1:2.7, with the 
major axis oriented roughly NW-SE. This anaiysis, 
which is rather involved, is discussed in detail in Ward 
et a1 (1983). As a result, anisotropy assignment of 
hydraulic conductivity to all 256 elements in this 
study region was aligned insofar as possible with the 
principal axes of transmissivity and the ratio of the x 
and y components of hydraulic conductivity was 
maintained at  1:2.3. (Other values of this ratio were 
investigated, with little difference on this scale.) The 
initial assignment of these values is shown in Figure 3 
for the regions ascribed to the wells. Other values were 
assigned on the basis of surrounding data and the 
regional trend. 

Figure 2. Geologic Section Across the WIPP Site 



CULEBRA 
ASSIGNMENT OF K, S 

Figure 3. Areal Assignment of Initial Hydraulic conductivity - K (mls), and Storativity - s, in the x and y Directions 
Relative to the Major Transmissivity Tensor for the Culebra Dolomite. The WIPP site is located at the center of the 
finite-element grid. The numbers, top and bottom, are element numbers for adjacent elements. 



The initial calculated distribution of head poten- 
tials is shown in Figure 4. The distribution is some- 
what irregular, particularly southeast of the site, 
which is indicated in this figure by an eight-sided 
figure a t  the center of the grid system. The location of 
the potentiometric contours, while relatively insensi- 
tive on this scale to change in hydraulic properties, is 
sensitive to the values fixed at the well points. Areas to 
the north, near W-30, H-5, AEC-7, and AEC-8, and to 
the southwest of the site have few available head data. 
Data are numerous close to the site. Figure 4 also 
suggests several closed contours. These result from the 
presence of single wells near these locations, and from 
the imposed requirement that head potentials at these 
wells remained fixed. This head distribution forms the 
basis for deriving the self-consistent head distribu- 
tion, shown in Figure 5, which exhibits a more regular 
steady-state head distribution with the same general 
structure as shown in Figure 4. This is especially true 
in the immediate vicinity of the site, where the data 
coverage is more complete. Corresponding derived 
values for the hydraulic conductivity are listed in 
Table 1. The match to the field measurements of head 
is reasonably good except a t  W-30, which is either low 
or is part of a pattern draining to the N-E, where there 
are no data, and a t  W-26, where no further effort was 
made to make a better match because of its position 
relative to the rest of the flow. The head a t  Well P-18 
is an uncertain datum because of measurement prob- 
lems and a very slow recovery; no comparison is shown 
there (Mercer, personal communication). 

The modeling of the contaminant plume was 
begun by assuming a continuous input of contamina- 
tion a t  a concentration of one unit a t  the center of the 
grid. The initial configuration within a 2.4 X 2.4 km 
(1.5 X 1.5 mi) block is shown in Figure 6. An initial 
contaminant plume is assume to exist a t  time zero. I t  
is further assumed that local hydraulic properties and 
head distribution are unchanged by contaminant 
injection; the only effect is a local concentration 
"mounding" of contaminant. 

The motion and growth of this plume is followed 
through Figure 7 a t  21 yr and through Figure 8 a t  42 
yr. After this time, 42 yr, the plume front (taken to be 

of source) is interacting with the boundary and 
the concentration data are then transferred to the 
next larger cutout 4.8 x 4.8 km (3 x 3 mi). This and 
the next two levels of the problem have an additional 
78 interior nodes a t  the center of the grid so that a 
minimum of data is lost due to the change in scale in 
the transfer. The plume is followed for 130 yr on this 
scale and then transferred to the next larger scale 9.68 
x 9.68 km (6 X 6 mi) in the same manner. After an 

additional 130 yr the plume is transferred to the large- 
scale grid 25.8 X 25.8 km (16 X 16 mi) and the 
calculations continued. The transfer in this case was 
made long before there was any important interaction 
with the boundary. The two intervening plumes for 
intermediate scales are not shown. The start of the 
plume in the large scale, Figure 9, is 302 yr after the 
plume was initiated. Heads are less regular on this 
scale than on the previous scales; this shows up in 
somewhat erratic movement of the plume. At 468.9 yr 
(Figure 10) the plume has moved downgradient to the 
southeast, with some spread due to numerical diffu- 
sion to the northwest. At 553 yr (Figure 11) the plume 
is beginning to see the steeper gradients and high 
hydraulic conductivity to the west and, as seen in the 
succeeding figure (Figure 12), spreads downgradient 
by 638.4 yr. However, by 808 yr (Figure 13) the spread 
west has slowed in a region of low gradient. At this 
time, on the scale shown, the plume has essentially 
become static; Figure 14 shows the position some 600 
yr later (at 1405 yr). The average velocities over their 
1400-yr period have been 3.5 m/yr to the south and 3 
m/yr to the southwest. The calculations were halted a t  
this time because the plume had generally moved into 
regions of low gradient. I t  has practically ceased to 
move, becoming essentially static on this scale. While 
the plume front, taken to be a concentration level of 
lop3, effectively stops on this scale, there is still move- 
ment of contaminants through the front. Contami- 
nants have simply been diluted below this level of 
concentration by aquifer fluids as they are trans- 
ported. The plume front is a conservative estimate of 
transport since numerical dispersion and transients 
due to transfer to large scales produce apparent 
motion a t  least the order of one element. This also 
occurs upstream, giving the impression of movement 
against the gradient. Separate calculations of particle 
travel times, discussed in Appendix B, are further 
evidence of the effects of numerical dispersion and 
show even slower velocities. Previous calculations of 
particle travel times for Rustler fluids, contained in 
the FEIS (FEIS, 1980), resulted in estimateci travel 
times of the order of 3500 yr for movement from the 
center of the WIPP site to Malaga Bend on the Pecos 
River 38 km (24 m) distant. The present calculations 
indicate particle travel times of the order of 130,000 yr 
for a much shorter distance (12.9 km (8 mi)) from the 
center of the site. However, particle travel times may 
be irrelevant to the issue of safety in certain hydraulic 
conditions; for example, where dilution by aquifer 
fluids is significant. The important travel time is that 
for arrival of a concentration level of each radionu- 
clide deemed threatening. 



HEADS CONCENTRATION 

Figure 4. Head Distributions for the Culebra Dolomite, 
Generated With ISOQUAD, Using Assigned Boundary 
Conditions and Fixed Values a t  Wells (Closed contours 

Figure 6. Initial Plume Configuration in the Culebra Dolo- 
mite a t  Relative Time Zero (time of discovery). Block grid is 
2.5 x 2.5 km. 

resulting from constraining potentiometric surface to  pass 
exactly through data from each well are shown by dashed 
lines.) 

CONCENTRATION 

0.0 3.2 6.4 9.7 12.9 16.1 19.3 22.5 25.8 

METERS x 103 

Figure 5. Derived Head Distribution for the Culebra, for 
the Self-consistent Problem, With Fixed Boundaries and 
Varied Assignments of Hydraulic Conductivities 

Figure 7. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at  the Center of 
the Site. Concentration points are relative to  the unit source, 
a t  21 yr after discovery. Block grid is 2.5 X 2.5 km. 



CONCENTRATION 

Figure 8. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at  the Center of 
the Site. Concentration points are relative to  the unit source, 
at  42 yr after discovery. Block grid is 2.5 x 2.5 km. 

CONCENTRATION 

Figure 9. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit a t  the Center of 
the Site. Concentration points are relative to the unit source, 
a t  302 yr after discovery. Block grid is 2.5 X 2.5 km. 

CONCENTRATION 
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Figure 10. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at  the Center of 
the Site. Concentration points are relative to the unit source, 
a t  468 yr after discovery. Block grid is 2.5 x 2.5 km. 
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Figure 11. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at  the Center of 
the Site. Concentration points are relative to the unit source, 
at  553 yr after discovery. Block grid is 2.5 x 2.5 km. 



CONCENTRATION 
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Figure 12. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at the Center of 
the Site. Concentration points are relative to the unit source, 
at 638 yr after discovery. Block grid is 2.5 X 2.5 km. 

CONCENT RAT ION 
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Figure 13. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at the Center of 
the Site. Concentration points are relative to the unit source, 
at 808 yr after discovery. Block grid is 2.5 x 2.5 km. 

CONCENTRATION 
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Figure 14. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at the Center of 
the Site. Concentration points are relative to the unit source, 
at 1405 yr after discovery. Block grid is 2.5 X 2.5 km. 

Magenta Unit 
The data for the Magenta for the 16 mi x 16 mi 

region modeled consist of water level measurements, 
slug tests, and pumptests a t  10 different locations. 
The wells measured were H-1, H-2, H-3, H-4, H-5, H- 
6, H-9, H-10, W-25 and W-27. In addition there are 
two holes, W-26 and W-28, where the Magenta did not 
yield water to a well. At W-29 the Magenta Unit is not 
present due to erosion. The Magenta Unit is similar in 
character to the Culebra and is discussed by Gonzalez 
(1983a). This unit was not tested for anisotropy and so 
is presumed for the purposes here to be isotropic, 
although transport is so slight that this presumption is 
essentially irrelevant. Values for the hydraulic con- 
ductivity are assigned as shown in Figure 15, except 
for W-26 and W-28, which were dry and were given an 
extremely small value of conductivity. The initial 
head distribution calculated with a reflecting bound- 
ary and fixed well head values is shown in Figure 16. 
The corresponding self-consistent head distribution 
or potentiometric surface derived in these calculations 
is shown in Figure 17, and the corresponding derived 
values for the hydraulic conductivity are listed in 
Table 2. The head potential exhibits the steepest 
gradients in the vicinity of-Nash Draw, to the west of 
the site. The repository site is indicated by the 8-sided 
figure (Figure 16). The smaller square inside this 
figure is a cutout used for a plume calculation in the 



manner of that discussed for the Culebra with the HEADS 

same concentration input. The cutout is a 2.4 X 2.4 
km (1.5 X 1.5 mij block with 289,150 x 150 m (492 x 
492 ft) elements. A plume is assumed to have formed 22.5 

around a central continuous source of contaminant. 
The initial plume is shown in Figure 18. The extent of 19.3 

the plume 676 yr later is shown in Figure 19, amount- 
ing to less than 300 m (1000 ft) growth in that period ,,, 
(0.44 m/yr). There is so little movement in this long 
period, and much of that movement appears to be 
numerical dispersion, that it seems pointless to trans- 
fer the plume to subsequent cutouts as was done for 
the Culebra. To check this conclusion, we assigned to 
the large-size problem, 25.8 X 25.8 km (16 X 16 mi), 
so that the plume clearly overlapped the region of 6.4 

highest gradients. The results were similar; in effect, 
no movement on the 1610 X 1610 m (1 X 1 mi) grid ,, 
scale of the calculations. This calculation is not shown. 
Unless the well data change substantially, or new data 
are added, it seems inappropriate to examine the 
Magenta Unit further. METERS x 103 

Figure 16. Initial Head Distributions for the Magenta Do- 
lomite, Generated With ISOQUAD, Using Assigned Bound- 
ary Conditions and Fixed Values at Wells 

MAGENTA 
ASSIGNMENT OF K ,  S 

METERS K lo3 Figure 15. Areal Assignment of Initial Hvdraulic Conduc- 
tivity - K (m/s), and ~tora t iv i t~  - s, in the k and y Direction 
Relative to the Major Transmissivity Tensor for the M ~ ~ ~ ~ -  Figure 17. Derived Head ~istribution for the ~ a ~ e n t a  
ta Dolomite. The WIpp site is located at the center of the Dolomite for the Self-Consistent Problem, With Fixed 
finite-element grid. The numbers, upper and lower, are Boundaries, and Varied Assignments of ~ydraulic ~onduc- 
element numbers. tivity 



CONCENTRATION 

Figure 18. Initial Plume Configuration in the Magenta 
Dolomite at Relative Time Zero (time of discovery). Block 
grid is 2.5 X 2.5 km. 

CONCENTRATION 

Summary 
Several specific conclusions were reached as a 

result of this study: 

1. Migration of a nonsorbing contaminant plume 
in the Culebra or Magenta was modeled to 
determine the qualitative and semiquantita- 
tive behavior of such motion. Average calcu- 
lated front velocities are low (-3.5 m/yr for the 
Culebra) and are overestimates of the actual 
velocities, due to numerical dispersion and 
scale factors. The behavior of given concentra- 
tion levels and their eventual near-halt after or 
before 1400 yr are shown. This result calls into 
question the utility of regulations based on 
particle or water travel times. 

2. Particle travel times calculated from the parti- 
cle velocities at  nodes along selected stream- 
lines from the repository are long (> 1000 yr) to 
reach the boundary of Zone 111, 2 mi from the 
center of the site (see FEIS, 1980), and 
>130,000 yr to travel 8 mi south of the site (see 
Appendix B). 

3. Experimental drawdown and recovery curves 
were, with few exceptions, reasonably well- 
matched by the theoretical curves derived on 
the basis of a well in a porous medium (see 
Appendix A). 

4. Fluid sources do not appear in the analyses of 
the drawdown and recovery curves (see Appen- 
dix A). 

This report is preliminary, but, on the basis of the 
data currently available, justifies the present use of 
porous-medium theory in the description of flow in 
the filled-fracture media that constitute the Magenta 
and Culebra Dolomites. More hydrogeologic data will 
be forthcoming. When incorporated into additional 
modeling, these data will help broaden the basis on 
which porous-medium flow or other representations 
will better describe the hydraulic behavior of the 
systems. 

METERS r l o 3  

Figure 19. Plume Migration in the Culebra Dolomite for a 
Continuous Source Injection of One Unit at the Center ~f 
the Site. Concentration points are relative to the unit source, 
at 676 yr after discovery. Block grid is 2.5 X 2.5 km. 



Analyses of Supporting Data 

The choice of the mathematical representation of 
flow by a model dependent on flow through porous 
media, through fractures, or through some combina- 
tion of the two, depends on the analysis of field data. A 
porous-medium was initially chosen here, on the basis 
of examination of core from the Rustler Dolomites 
and on field interpretation of aquifer pump tests. The 
general characteristics of core from the Magenta and 
Culebra are discussed by Gonzalez (1983a). 

Well tests used here are of two basic types, multi- 
well tracer tests (convergent flow tests, recirculating 
flow tests) and single-well tests (pump tests, slug tests, 
observation wells). Since individual well tests may 
allow several interpretations of the behavior of the 
medium, there is nonuniqueness; in fact, tests in some 
fractured systems mimic results in porous media 
(Long et al, 1982; Rushton and Redshaw, 1979). 
Therefore, i t  is necessary to look for systematics in 
well performances. One asks whether or not "barriers" 
t,o the flow exist and what distances and directions 
they are from the pumped well. Barriers to flow are for 
convenience defined here to be regions where the 
hydraulic conductivity changes or possibly where 
there are flow channels (sources or sinks). 

In the Magenta and Culebra Dolomites, since 
both units are saturated, confined, and separate, any 
flow channels are saturated. Assessment of how far 
away any barriers are or how far the barrier would 
have to be is possible because each well that is tested 
by pumping interrogates a region a substantial dis- 
tance out into the rock around the well, Analyses of 
the pump tests give a rough idea of whether the 
representative elementary volume of rock being sam- 
pled is of a size represented in the model and whether 
the choice of representation is correct. Multiple-well 
tests allow direct calculation of the "radius of influ- 
ence" of the well and how far away the barrier, if any, 
would have to be by the end of the test. Single-well 
tests, which are more difficult to extract the well 
performance parameters from, are reduced by using a 
numerical technique based on a well in a porous 
medium. This numerical code allows a rough estimate 
of the minimum distance to barriers. 

The following discussions of the radii of influence 
and the sensitivity of the well tests, coupled with the 
reduction of the single-well test data that are fitted 
using a numerical model based on porous flow, lead 
one to accept a model for flow through porous media 
as a reasonable representation of the system. 

Radii of Influence 
A well test examines the fluid in the rock for some 

distance away from the well. The distance into the 
rock that the test queries depends on the length of 
time the well is pumped or injected, and on the 
hydraulic properties of the rock, including transmis- 
sivity and storativity. In particular, boundaries, which 
are changes in the transmissivity, show up as changes 
in slope of the drawdown-versus-time curve in a pump 
test. Note that boundaries can be due to changes in 
hydraulic conductivity as a result of changes in either 
the depositional character of the rock being tested or 
as a result of alterations by fluids, perhaps with result- 
ing induced fractures. The distance from a test well a t  
which the initial head (drawdown) is essentially un- 
changed is called the radius of influence. Uncertainty 
in measurement makes the exact radius an imprecise- 
ly defined concept. Interpretation of the radius of 
influence is useful, however, because it gives some idea 
of the extent of the region being tested. It  can tell 
whether or not there are hydraulic barriers (sources or 
changes in structure) and roughly how far from the 
test well they occur if present. I t  reveals gross inhomo- 
geneities in the rock being tested. The results for the 
areal influence of pump tests performed in the Cule- 
bra as part of this study in 15 wells are summarized in 
Table A-1. The results indicate radii of influence of 
between -37 and 1525 m (120 and 5000 ft) from the 
pumping source. 

Two types of tests were performed: (a) two-well 
pump tests, and (b) the single-well pump tests. In the 
first case it is possible to calculate maximum and 
minimum distances to the "hydraulic barrier." For the 
second case, when there is a change in the slope of the 
drawdown curve, it is possible to calculate a distance 



to the barrier; otherwise it is necessary to infer the pumping well P to the barrier. In general, however, the 
distance from the numerical study of the well test. For orientation of the barrier is unknown, but extreme 
the two-well pump test, an image of the pumping well values can still be determined. That is, in the extreme 
is superimposed as a reflection across the hypothetical one of the following two figures applies. 
barrier. The configuration is as 

and 

h = -  [ W ( g )  ? w (%)I 
~ T T  i ( x . y >  + 3 p ( x , j 7  . - - 4 - ...- -P o(x,y) 

where h = head, W(u) is the exponential integral, in X ' X  
this form normally referred to as the well function, i l  i 
(Freeze and Cherry, 1979). I 

pppp-p 

Table A-1. Summary of Results 
for the Areal Influence of Pump 
Tests Performed in the Culebra 
Unit 

Test Well 

H4A 
H4B 
H4C 
5A 
5B 
5C 

H-7B 
H-8B 
H-9B 
P14 
W25 
W26 
W27 
W28 
W30 

Radii of Influence 
(ft) 

929 - 829 
1108 - 1008 
216 - 119 
295 - 195 
334 - 234 
235 - 135 

Undetermined 
t 500 
>500 
> 5000 
< 500 
>500 
> 500 
t 500 
> 500 

where 

P is the pumping well, i is the image well, and 0 is the 
observation well as before. 

For the three-test well complexes, H-4a, 4b, 4c, H- 
5a, 5b, 5c, H-6a, 6b, 6c, sites of pump tests were run in 
conjunction with the tracer and anisotropy studies at  
these sites (Ward et al, 1983). These pump tests 
exchanged pump and observation wells. In these tests, 
in general no unambiguous barriers were observed; 
thus what is calculated is rather the minimum dis- 
tance a barrier would have to be from the pumping 
well in order for no barrier to be seen a t  the time the 
pump test ceased. The configuration for the H-4 com- 
plex is 

In Test 1, the pumped well was H-4b with H-4a, 
H-4c the observation wells. The hydraulic parameters 

Q is the pumping rate, T is the transmissivity, r,, ri are are r, = 100 ft, Q = 49.3 ft3/d, t = lo4 s, S(H-4a) = 
the distances from the observation well O(x,y) to the 3.13 x 10-6, S(H-4c) = 5.67 x lo4, T(H-4a) = 1.18 x 
pumping well P(x,y) and the image well L(x,y), respec- ft2/min, T(H-4c) = 1.042 x ft2/min, draw- 
tively, S is the storativity, Xi is distance from the down = 16 ft. 



Then from the equation 

where the only unknown is Vi and from a table of well 
- functions one computes Xi = 216 ft max or Xi = 119 ft 

min. For the observation well H-4a, one computes 283 
ft 2 Xi 2 183 ft. 

In Test 2, the pumped well was H-4c and the 
hydraulic parameters are T(H-4a) = 1.1 ft2/d, T(H- 
4b) = 0.8 ft2/d, S(H-4a) = 8.04 x lo4, S(H-4b) = 
8.64 x lo-', Q = 61 ft3/d, t = 3990 min, drawdown = 

18.0 ft. Then one computes 708 ft 2 Xi r 608 ft  for 
observation well H-4a. When the observation well is 
H-4b, t = 2000 min, drawdown = 19 ft; then Xi is 
computed as 390 ft r Xi 1 290 ft. 

In Test 3, the pumped well was H-4c and the 
hydraulic parameters are T(H-4a) = 1.3 ft2/d, S(H- 
4a) = 5.62 X 10~', T(H-4b) = 1.2 ft2/d, S(H-4b) = 

6.48 X 10~', t = 4.5 X lo3 min, drawdown = 22 ft, Q 
= 67.7 ftyd. The computed values for Xi are 929 ft > 
Xi > 829 ft  for observation well H-4a and 1108 1 Xi 
r 1008 ft for observation well H-4b. 

At complex H-5 the configuration is 

where similar tests were run. In Test 1, the pumping 
well was H-5b and the hydraulic parameters were 
T(H-5a) = 0.11 ftyd, S(H-5a) = 9.34 X lo4, T(H-5c) 
= 0.16 ft2/d, S(H-5c) = 2.92 x Q = 34.6 ft3/d, 
drawdown = 45 ft and t = 9000 min. In this case Xi is 
calculated as 235 ft r Xi 2 135 ft for observation well 
H-5c. In Test 2, the pumping well was H-5c and the 
hydraulic parameters were T(H-5a) = 0.15 ft2/d, S(H- 
5a) = 2.5 ~ 1 0 - ~ ,  T(H-5b) = 0.12 ft2/d, S(H-5b) = 2.6 
x Q = 24.2 ft3/d, drawdown = 35 ft, t -1200 min. 
Then Xi is calculated as 295 ft 1 Xi 2 195 ft for 
observation well H-5a and 334 ft 2 Xi 1 234 ft for 
observation well H-5b. 

For the well complex H-6, similar calculations 
were performed. Since this complex is still being stud- 
ied comments will be deferred until the studies are 
complete. 

The values computed here are not the minimum 
distance to an actual barrier but rather the minimum 
distance at which a barrier would have to be if the 
presence of a barrier had been noted at the end of the 
pump test. None of these tests on H-4 and H-5 actu- 
ally showed the presence of a barrier. What the calcu- 
lation does is provide an estimate of the distance 
around a test hole that is interrogated by the pump 
test and found not to have a detectable barrier. For 
this series of three-well tests, those distances varied 
from the order of 300 ft to 1300 ft. 

Interpretation of Single-Well Data 
Single-well pump tests are often carried out in the 

absence of any observation wells. In these cases the 
only data available are the pumping rate and the 
water level within the well as a function of time. From 
these data, transmissivities are deduced, usually by 
graphical means; that is, by matching the drawdown 
curve to standard type curves appropriate to certain 
aquifer conditions. Storativity is difficult to extract 
graphically, and sensitivity analyses of this deduced 
parameter are not generally possible. Data for these 
single-well pump tests are reduced here numerically. 
Such reduction allows investigation of the sensitivity 
of hydraulic conductivity and of the presence of possi- 
ble barriers. The numerical model used is patterned 
after the analyses of Rushton and Redshaw (1979). A 
listing of our version of their analysis is given at  the 
end of this section. Only wells in the Culebra are 
considered. 

Single-Well Test Reduction 
The mathematical model assumes that there is no 

vertical infiltration and that the following differential 
equation describes the drawdown. The differential 
equation for radial flow to a well is 

where 

s = drawdown (L) 
r = radial coordinate (L) 
b = thickness of the aquifer (L) 
K = hydraulic conductivity (L/T) 
S = storage coefficient 
t = time (T) 
q = recharge per unit area (L3/L2T) 



A change of variable to { = In r is made so that the 
equation becomes 

The motivation for this change of variable is so 
that as finite-difference techniques are used to solve 
the equation, a regular mesh in r is a logarithmically 
increasing mesh in r. Then the region close to the 
pumping well, where rapid changes occur, is covered 
with more mesh points, and the region farther away 
with fewer. Likewise it is convenient to use logarithmi- 
cally increasing time increments. The finite difference 
form of the equation at node n is 

In keeping with Rushton and Redshaw's work 
1 

(1979) the increment A< was chosen as - Cm (10) 
6 

(0.3837641822) so that six mesh intervals occur for 
each tenfold increase in radius. From the radius of the 
well to 10 x is six intervals. 

The equation is written in finite difference form 
as 

OLD D(N)] + Q * R(N) * R(N) 

where 

s i ,  = OLD D(i) 
si,,,,, = D(i) 
A< = mesh interval 
qt+li  = Q 
Kb = T (transmissivity) 

Derivation of the differential and difference equation 
considered only flow in the aquifer. However, since 
there is a well-bore that contains fluid, some special 
considerations must be given to the boundary and 
initial conditions implied by the presence of this fluid. 
Rushton and Redshaw (1979) handle the problem 
very cleverly by making the well-bore a part of 

the aquifer with altered transmissivity and storage 
coefficient. 

Single-Well Tests 
All tests performed in these wells have standard 

5% -in.-dia casing. Their locations and geologic and 
hydraulic characteristics are described by Gonzalez 
(1983a). Initial values for the hydraulic conductivity 
were derived graphically by Gonzalez. Since determi- 
nation of the storativity and of the sensitivity of the 
graphical solution for hydraulic conductivity are diffi- 
cult for single-well tests, we followed the suggestion of 
Rushton and Redshaw (1979) and attempted to match 
drawdown curves or recovery curves by using a 
numerical method. In this method, attempts are made 
to match the experimentally determined drawdown 
curve by using the hydraulic conductivity determined 
graphically as a starting point. If the shapes of the two 
curves are geometrically similar, the storativity S is 
varied to obtain a match. If the shapes are not similiar, 
the hydraulic conductivity is varied to adjust the 
shape. In some cases the well radius was also adjusted 
to obtain a better short-time fit, which corrects for 
wellbore effects and development of the well. When a 
reasonable match is obtained, the value of the hydrau- 
lic conductivity is varied to establish a measure of the 
sensitivity of the interpretation to this parameter. 
Similarly, the storativity is varied for the same reason. 
Finally, the fixed outer boundary of the calculation 
that corresponds to a source is moved to obtain a 
rough value for the radius of influence of the test. In 
some cases where "residualn or "recoveryn curves were 
available, the same techniques were applied to them. 

The first set of the trials appears in the first figure 
in each group and shows the match to the data for 
different values of S and assumed a conductivity near 
that estimated graphically. The second figure in each 
group shows the match to the data for the value of S 
determined, but with varying K, hydraulic conduc- 
tivity. The third figure in each group shows the change 
to the curve, if any, for fixed values of S and K but 
with different values of RMAX, the outer fixed radius 
in the problem, and offers a measure of the distance to 
a possible barrier. A barrier here is a constant- 
pressure fluid source. The wells that were examined in 
this way were WIPP 25 through WIPP 28, WIPP 30, 
P-14, H-7B, H-8B, and H-9B in the Culebra. Since not 
all of the wells behaved alike, they are discussed 
individually. 



WIPP 25 
Q (pumping rate) = 3.34 ft3/min 
K (hydraulic conductivity) = 7.36 x lo3 ft/min 
(inferred graphically) 
t (length of pump test) = 2000 min 
Top of aquifer = 446 f t  
Bottom of aquifer = 469 ft 

Results of the numerical reduction of the data 
from WIPP25 appear in Figures A-1, A-2, and A-3. 
Figure A-1 shows the match for various values of 
storativity for K = 0.8 x 10-2ft/min; it  appears that a 
value of storativity of -0.1 x lo-' is a reasonable fit to 
this drawdown curve. Figure A-2 shows a comparison 
of values of K for a fixed storativity, and it is inferred 
that a good fit is obtained for K slightly larger than 
the value derived graphically. Figure A-3 shows the 
effect of a barrier a t  5 x lo2 f t  and 5 x lo3 ft; namely, 
there is no effect. A barrier would have to be closer 
than 500 ft for the numerical method to recognize it, 
given these data. The fit appears to be that of a 
classical drawdown test in a porous medium. 
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Figure A-1. Comparison of Storativity for Fixed Hydraulic 
Conductivity, WIPP 25 
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Figure A-3. Comparison of Influence of Outer Boundary of 
Problem, WIPP 25 



WIPP 26 
Q (pumping rate) = 4.545 ft3/min 
K (hydraulic conductivity) = 3.62 x lo9 ftlmin 
t (length of pump test) = 2000 min 
Top of aquifer = 186 f t  
Bottom of aquifer = 209 ft 

Results of the numerical reduction appear in Fig- 
ures A-4, A-5, and A-6. Figure A-4 shows the match for 
various values of storativity for a hydraulic conductiv- 
ity of 0.31 x lo-' ftlmin; the value of S of -0.48 X 
lo-' seems to be a reasonable fit. Figure A-5 displays 
values of K for a fixed S; here it is inferred that a good 
fit is obtained for a value of K -10 times larger than 
the value derived graphically. Figure A-6 displays the 
effect of a barrier a t  5 x lo2 ft and 5 x lo3 ft. The bar- 
rier would have to be >500 f t  away. 
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Figure A-4. Comparison of Storativity for Fixed Hydraulic 
Conductivity, WIPP 26 
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Figure A-6. Comparison of Influence of Outer Boundary of 
Problem, WIPP 26 

WIPP 27 
Q (pumping rate) = 3.34 ft3/min 
K (hydraulic conductivity) = 2.28 x ftlmin 
t (length of pump test) = 2000 min 
Top of aquifer = 292 ft 
Bottom of aquifer = 318 ft 

Results of the numerical reduction appear in Fig- 
ures A-7, A-8, and A-9. Figure A-7 shows the match for 
various values of storativity for a hydraulic conductiv- 
ity of 0.65 X ft/min. None of the storativity values 
match the fluctuations around 200 min; however, the 
best overall fit appears to be --S = 0.1 x 10" for a 
well radius of 0.18 ft. The cause for the fluctuations is 
a t  present unknown and requires more investigation. 
The well radius was adjusted to allow better match a t  
short times and in recognition of the fact that not all 
wells have an effective radius equal to  the nominal 
cased value. Figure A-8 shows the values of K for a 
fixed S; it appears that a value of K = 0.65 X lo-' ft/ 
min is a reasonable fit. Figure A-9 shows the effect of a 
barrier at 5 X lo2 ft and 5 x 10" ft. The barrier would 
have to be 3500 ft away. 

WIPP 28 
Q (pumping rate) = 2.33 ft3/min 
K (hydraulic conductivity) = 5.17 x loA ftlmin 
t (length of pump test) = 350 min 
Top of aquifer = 420 f t  
Bottom of aquifer = 446 ft 

Results of the numerical reduction appear in Fig- 
ures A-10, A-11, and A-12. Figure A-10 shows the 



match for various values of storativity for a hydraulic 
conductivity of 0.55 X ft/min. The match is 
relatively poor for short times and suggests that S = 

0.5 X lo-' is appropriate for long times. However, 
variation of effective well radius for the same hydrau- 
lic conductivity makes it clear that S = 0.1, and a well 
radius of 0.2 give a closer approximation (see Figure 
A-11) than does the nominal well radius, 0.23 ft. The 
values on Figure A-12 compare various values of K for 
a fixed S. It appears that K = 0.55 X ft/min 
supplies a reasonable fit. Figure A-13 shows the re- 
sults of moving the problem boundary to 0.5 X 10"ft; 
there is no difference from the boundary a t  0.5 x lo4 ft, 
thus any barrier would have to be at  a lesser minimum 
distance. 
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Figure A-7. Comparison of Storativity for Fixed Hydraulic 
Conductivity, WIPP 27 
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Figure A-8. Comparison of Hydraulic Conductivity for 
Fixed Storativity, WIPP 27 
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Figure A-9. Comparison of Influence of Outer Boundary of 
Problem, WIPP 27 
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Figure A-10. Comparison of Storativity for Fixed Hydrau- 
lic Conductivity, WIPP 28 
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Figure A-1 1. Comparison of Effect of Variation of Well 
Radius, WIPP 28 
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Figure A-12. Comparison of Hydraulic Conductivity for 
Fixed Storativity, WIPP 28 
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Figure A-13. Comparison of Influence of Outer Boundary 
of Problem, WIPP 28 

WIPP 30 
Q (pumping rate) = 4.025 X lo-' 
K (hydraulic conductivity) = 0.631 x lo4 ft/min 
t (length of pump test) = 500 min 
Top of aquifer = 631 ft 
Bottom of aquifer = 653 f t  

The drawdown a t  this test well was so rapid that it 
was possible to match the results numerically with 
virtually any storativity within 2 orders of magnitude 
of 0.5 x This drawdown curve and a numerical 
match are shown in Figure A-14. For this reason it was 
necessary to turn to the recovery (or residual curve). 
The code used for numerical reduction accepts recov- 
ery (see input instructions). Figure A-15 shows a 

comparison for fixed K (0.6 X and varying S. 
The match is relatively insensitive to S. The short 
time departure from the experimental curve occurs 
because of a relatively poor match for the initial 
drawdown data, which were left uncorrected to  better 
illustrate the eventual match. More careful selection 
of the initial drawdown data provided a much better 
fit for short times. Figure A-16 illustrates the effect of 
varying K; note that the inferred value of K differs 
from the original supposition. The comparison for a 
restricted boundary a t  0.5 x 10" ft with the maximum 
radius of 0.5 x 10Vt produces a change, but so small 
that i t  cannot be represented on the graph. Therefore 
the figure is omitted, and the boundary must be a t  
least 500 ft away. 
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Figure A-14. Example of the Match to Drawdown for Arbi- 
trary Hydraulic Conductivity, WIPP 30 
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Figure A-16. Comparison of Hydraulic Conductivity for 
Fixed Storativity, WIPP 30 

P-14 
Q (pumping rate) = 1.376 ftvmin 
K (hydraulic conductivity) = 1.91 x ft/min 
t (duration of test) = 800 min 
Top of aquifer = 573 ft  
Bottom of aquifer = 595 f t  

Results of the numerical reduction are illustrated 
in Figures A-17, A-18, and A-19. Figure A-17 shows 
the match a t  a fixed hydraulic conductivity for vary- 
ing storativity. The range of values is fairly restricted, 
and the inferred value is 0.2 X lo4. The effective well 
radius was reduced to 0.15 ft  to improve the fit with 
respect to very early data. Figure A-18 illustrates the 
match a t  a fixed storativity and varying hydraulic 
conductivities; the value with the best fit appears to be 
K = 0.15 X lo-' ft/min, a small departure from the 
graphical value of 1.9 X Figure A-19 shows the 
effect of altering the boundary of the calculation; a 
very slight change occurs a t  long times. This suggests 
that any barrier must be a t  least 5. x 10" ft  away. 

H-7 b 
Q (pumping rate) = 12.03 ft3/min 
K (hydraulic conductivity) = 0.12 ft/min 
t (duration of test) = 100 min 
Top of aquifer = 237 ft  
Bottom of aquifer = 283 ft 

Results of numerical reduction have so far been 
unsatisfactory for this well. The hydraulic conductiv- 
ity appears to be -0.35 x lo-' and the storativity 
-0.5 X lo4. The primary means of matching to the 
drawdown curve has been by variation of the well 
diameter. Several of those matches are shown in Fig- 
ure A-20. Better matching may require introduction of 
a barrier nearby or other factors such as delayed yield 
or leakage into the numerical model. At the moment 
the drawdown behavior has not been resolved numeri- 
cally, but more field tests are planned. 

K = 0.15 x 10-1 ct/rninm 

o s  = 0.1 x 10-4 
A S  = 0.15 x 10-4 
o s  = 0.2 x 10-4 

RWELL = 0.15 11 
EXPERIMENTAL VALUES 

12.0 
10-l roo 1 0' l o 2  

MINUTES 

Figure A-17. Comparison of Storativity for Fixed Hydrau- 
lic Conductivity, P14 

DRAWDOWN P14 

MINUTES 

Figure A-18. Comparison of Hydraulic Conductivity for 
Fixed Storativity, PI4 












































