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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 at 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 at 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 107 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 107 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-medijum 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
at that time (1980), 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.

e Ultimate discharge of Rustler brines would
occur at 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 (¢) 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.

9. 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. It 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 at present, it is pre-
sumed here (in order for fluids to move more
quickly to the biosphere) that the primary
units for solute transport at 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 at 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



here with those estimated in the FEIS. The objective
is to determine whether or not the FEIS calculations
still appear conservative. Appendix C compares model
results obtained here in a test problem with those
contained in a primary reference.

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.

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

To simulate movement of fluids in the Magenta
and Culebra Units, a mathematical representation is
needed of such flow and of the fluid-bearing units.
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
west of the site (see Figure 1). The entire area was
broken down into blocks 1.6 km (1 mi) square, a grid
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-
grating the more general three-dimensional forms
over the vertical dimensions.

The equations to be solved are

1. V.(D.VC) — V. (Cq) — ait(ceb) — beCayig

oh = K¢
5~ CW = Cop-(hi—h) =0

2.q+T-Vh=0

= oh dc — K,
3. S — . - — — 8, — -
ST+ V- 6a) + by T — oW — 5,

(h_hl) =0 ’

where

b = thickness of the aquifer (L)

C = the mass concentration of the contaminant in
the fluid (M/L?)

D = bD’ is an effective dispersion coefficient for
the entire thickness b of the aquifer, and D’ is
the dispersion tensor (13/T)

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

_ of the aquifer (L%/T)

S = égbAis a dimensionless storage coefficient (A

_ = coefficient of storativity)

T = the transmissivity tensor (L%/T)

W = bW, where W is Lthe rate of production of a
source or sink (T

€ = the porosity

h = head (L)

) = fluid density (M/L?)

) = 9§, + B4(C-Co), fluid density (M/L?)

a, = coefficient of compressibility

Ba = coefficient for dependence of density on con-
centration

X, = corresponding quantities for the overlying
confining aquifer are subscripted ¢

g = gravitational constant (L/T?)

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.
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The boreholes for hydraulic testing are shown in
Figure 1 (Gonzalez, 1983a). Since this is an inverse
preblem (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 at 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 at 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 at the
boundary and the values of K varied to attempt to
match the experimental head values at 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 (1), (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 left corner and counting

i0

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 at zero at 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
9.68km (6 X 6mi), 4.8 X 4.8km (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 at 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 at the boundaries and set to zero. The motion
of this initial plume is calculated until the time at
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 107, 1072,
and 107 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. It 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 10°to 1.4 X 10°
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

DISPERSIVITY (m)

ELEMENT HYDRAULIC (®738c) TRANSUERSE
NUMBER  COMDUCTIVITY STORAGE  POROSITY LONGITUDINAL
(X3 (¥ 20.9 2.0
1 2.S7€-05 5,90E-05 1.0E-05 .100
2 a.576-85 G5.90E-85 1.9E-05 .100 FOR ALL ELEMENTS
3 2.576-05 5.90E-85  1.0E-95 .100
4 2.S7E-05 5.90E-05  1.@E-05 .100 (INTERA, 1981)
S 2,176-05 5.80E-05 1.0E-@5 .100
6 2.17€-85 G,00E-05 1.0f-@5 .100
7 2.176-05 5.00E-@S 1.0E-05 .100
8 2.176-05 G.00E-05  1,0E-05 .00
9 2,176-85 5.00E-05 1.0E-95 .100
10 2.176-05 G,00E-05 1.0E-05 .100
11 2,17€-85 5,00E-05 1.BE-@5 .100
12 2.176-e5 G5.00E-05 1.0E-85 .100
13 2.176-05 5,00E-05 1.8E-05 .100
14 2.176-05 5.00E-85 1.0E-Q5 .100
15 2.17€-05 5,00E-95  1.0E-0S .100
16 1.43E-05 23.70E-85 1.0E-96 ,100
17 2.576-85 5,90E-85 1.0E-05 . 100
18 2.S7E-85 5.90E-95 1,0E-@S . 100
19 2.576-85 5.96E-85  1.0E~05 .109
20 2.576-05 5.90E-05 1.0E-05 .100
21 2.176-05 G5.00E-0S 1.0E€-05 .100
232 2.176-05 5.00£-05 1.0€-@5 .100
23 2.176-05 G5.00E-05 1.0€-05 .100
24 2.176-05 5.00E-05 1.0E-05 .100
25 2.17€-65 5.006-05 1,0E-05 .100
26 1.96E-05 2.44E-05 1.0E-02 .100
27 1.06E-06 2.44E-06 1.0E-02 .100
28 2.176-66 5.@0E-26 1.8E-@5 .100
29 2.17E-05 5,00E-95 1.0E-05 .100
3@ 2.17€-85 G5.PQE~05 1.0E-00 .100
3t 2.17E-05 5,00E-95  1,PE-05 .100
32 2.17€-05 5.00E-85  1.0E-085 .100
33 4.42E-05 1.02E-04 3.0C-04 .100
34 4.42E-05 1.03E-04 3.0E-04 .100
35 4.426-05 1.02E-04 3.0C-04 .100
36 4.42E-05 1.02E-04  3.0E-04 .100
37 3.33E-05 7.67E-05 1,0E-05 .100
38 3.336-05 7.76E-85 {.@E-05 .100
39 2.006-05 4.60E-85 1.0£-05 .100
40 2.00E-05 4.60E-05 1.0F-05 .100
41 1.06€-95 2.43E-85 1,0E£-02 . 100
42 1.06E-05 2.43E-05 1.0E-9¢ .100
4] 1.06E-05 2.44E-05 1.0E-02 . 100
44 1,006-05 2,30E-05 1.PE-05 .100
45 2.00E-05 4.G0E-25 1.0E-8G .100
46 2.86E-05 6.60E-05 1.0E-96 .100
47 1,43t-05 3.30E-85 1.9E-96 .100
4B 1.43E-05 3.30E~05  1.@E-06 .100
49 4.42E-05 1,03E-04 3.QE-04 .100
50 4.42(-85 1.02E~-04  3.0E-€4 .100
51 4.426-85 1.02E-04 3.0E-04 .100
52 4.42E-05 {.02E-04 3J.,QE-04 . 100
53 3.33E-85 7.67€-05 OE-0S 102

1
54 3.33E-05 7.67E-05 i,
S5 2.00E-95 4.60E-85 1,0E-@S »100
56 2.00E-05 4.60£-05 1.



Table 1. (cont)

ELEMENT HYDRAULIC
NUMBER  CONDUCTIVITY
(X) (¥)

57 2.Q0E-05 4.59E-85
€8 2.00E-985 4.E0E-05
S9 L1.77E-Q5 4,26E-05
6@ 1.77E-05 4.26E-85
€1 §.70E-05 3.30E-@5
62 @2,86E-05 £.69E-05
63 2.86E-05 6.6€E-85
64 1.43E-05 3.30E-0S
65 4.42E-85 1.02E-04
66 4.42E-05 {.@cE-04
67 4.4CE-0S 1.8ZE-04
68 4.42E-05 1.02E-04
69 0,S3E-05 1.2JE-@6
70 1.17€-06 2.69E-05
71 1.12E-88 4.88E-0)7
72 1.12E-08 4.88£-07
73 3.31E-05 7.62E-05
74 3.31E-0S 7.62E£-05
75 1.77E-05 4.06E-05
76 1.77E-05 4.06E-05
77 1.43E-0S 3.30E-05
78 1.43E-95 2,30E-~03

79 1.43E-05 3.30E-05
80 1.43E-05 3.30E-65
81 4.,42E-05 1.02E-@4
82 4.42£-05 1.02E-04
B3 4.42E-05 1.02E-04
84 4,4CE-05 1.02E-04
85 2.17E-06 S5.00£-03
86 2.30E-07 1.0@6E-07
87 1.12E-08 4.88E-03
88 1.12E-08 4.88E-03
83 3.31E-05 7.62E-05
90 3J.31E-@5 7.62€-~0%
91 2.17E-05 §.00E-035
g2 2.17E-05 5,01£-03

93 2.17E-05 §5.01E-05
94 1.43E-05 3,30£-05
95 1.43E-085 3.30£-0S
96 1.43E-085 21.3J6E-05
97 4.42E-05 1,.02E-04
S8 4.42E-05 1.02E-04
99 4.42E-05 1.02E-04

110 1.43E-05 3.20£-05
114 1.43E-¢5 3.30E-05
;;2 1.43E~05 3.20QE-05

(m/sec)

STORAGE

1.@QE-Q5
1.9E-05
9.5E-98d
@.5E-02
1.0E-05
l.OE-OS
1.0E-06
1.8E-06
3.0€-Q4
3.0E-04
J).0E-04
3.0E-04
1.0E~0S
1.0E-05
1.0E-04
1.0E-04
9.1E-04
9.1E-04
9,5€-92
9.56-92
1.8E-@5
1.0E-06
1.0E-086
1.0E-08
3.0E-04
J.0E-04
3.0E-04
3.0E-04
1.80E-05
€.0E-06
1.0E-04
1.8£-04
1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.8£-85

POROSITY

.100
100
.100
.lee
.108
+100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100¢
.100
.100
.100
.100
.100¢
.100
.100
+100
.100
+ 100
"oe
.10
100
.100
.100
-100
.100
.100
.100
.100
100
+100
.100
.160
+100
.100
.100
.100
.180
100
«100
100
.100
.100
100
100
<100
'100
.100
2100

DISPERSIVITY (a)
LONGITUDINAL TRANSVERSE

20.9 2.0
FOR ALL ELEMENTS
(INTERA, 1681)



Table 1. (cont)

DISPERSIVITY (m)

HYDRAULIC (m/sec)
EkﬁHEEE CONDUCTIVITY STORAGE ~ POROSITY LONGITUDINAL TRANSVERSE
(X v 20.0 2.0

113 4.42E-05 1.026-04 0.3E-03 .100
114 4.42E-05 1.02E-04 ©.3E-03 .100 FOR ALL ELEMENTS
115 4.42E-05 1.02E-04  0.3E-03 .100
116 4.42E-05 1.02E-04  3.0E-04 .100 (INTERA, 1981)
117 1.41E-07 ©0.61E-07  1.0E-Q6 109
118 1.41E-07 6.10E-88  1.0E-06 .100
119 0.63E-07 1.44E-07 1.0E-05 -109
120 0.20E-08 0.46E-08 1.0E-@5 -100
121 4.90E-09 1.13E-08 1.@E-05 .100
122 2.176-07 5.00E-07  1.0E-05 100
12] 4.60E-06 1.06E-05 2.0E-05 .100
124 1.38€-05 3.1BE-05 2.0E-85 100
125 1.38€-05 3.18E-05 1.8E-05 100
126 1.38E-05 3J.1BE-05  1.0E-05 .100
127 1.21€-05 2.79E-05 1.0E-e1 .10
128 1.21E-05 2.,79E-05 1.8E-01 100
129 .4.42E-05 1.02E-04  0.3E-@J .100
130 4.42E-85 1.02E-04 0.3£-03 .100
131 4,42E-05 1.02E-04 @.3E-03 -100
132 4.426-05 1.02E-04  3.0E-04 100
133 1.41E-07 0Q.61E-07 1,0E-05 .100
134 1.41E-07 @.61E-07  1.0E-0S .100
135 1.26E-07 2.89E-07 1.9E-05 100
136 0.61E-08 1.40E-08  1.0E-05 .100
137 0.466-98 1.06E-08 1.0E-05 .100
138 2.17E-08 5.00E-08 1.0E-05 .100
139 2.17E-08 S.00E-08  1.0E-05 .100
140 2.17E-06 S5.00E-06 1.0E-05 .100
141 1.38E-05 3.1BE-05 1.0E-0S .100
142 1.21€-05 2.79E-05 1.0E-0t .100
143 1.21E-05 2.79E-05 1.0E-01 100
144 1.21E-85 2.79E-05  1.0E-01 .100
145 3.46E-09 7.97E-09  1.0E-04 .100
146 3.46E-09 7.97E-09  1.0E-04 .100
147 3.46E-99 7.97E-09  1.8E-04 100
148 3.46E-09 7.97E-09  1.0E-04 .100
149 2.176-09 5.00E-09  1.QE-05 100
150 5.29E-11 1.22E-10 1.QE-05 .100
151 S5.29E-11 1.22E-10  1.@E-05 100
152 ©.,46E-08 1.06E-08  1.QE-05 100
153 9.33E-89 2.1SE-08  2.0E-05 100
154 9.33£-09 2.15E-08  2.0E-05 100
155 1.54E-07 2.52€-07 1.0E-05 .100
156 1.33E-06 3,05E-06 1.QE-04 100
157 1.33E-05 3.05E-05 1.0E-04 1090
1S8 1.21E-05 2.79E-05 1.0E-01 100
159 1.21E-05 2.79€-05 1.0E-01 1109
160 1.,21E-05 2.79E-05 1,0E-01 100
161 3J.46E-09 7.97E~09  1.@E-04 .100
162 1.73E-09 3.98E-09  1.0E-04 100
163 3.46E-09 7,97E-09 1,0E-04 .100
164 3.46E-09 7.97E-09  1.0E-04 .10
165 2.17€-09 5.00E-09 1.0E-05 100
166 S5.296-11 1.22€-10 1.0€-05 100
167 5.29E-11 1.22E-10 1.9E-05 100
168 1.50E-09 2.526-09 1.9E-0S 100



Table 1. (cont)

ELEMENT
NUMBER

169
170
174

9
9
1
1
1
1
1
1

3.
1.
3.
3.

2.
a‘
Q.

2,
2.
2.
1.
2.
2.

HYDRAULIC (m/sec)
CONDUCTIVITY
(X)

33e-09
J3e-~-09
S4E-08
J3E-06
33E-06
21E-05
S1E-05
21E-05
46E-09
73E-09
46E-09
46£-09
17€-08
17e-08
61€-10
61E-10
17e-08
17£-08
17E-08
54E-06
17E-06
17€-05

2.17e-05
2.17E-05
J3.46€-09

3.
3.
3.
c.
2.
2.

46E-09
46E-0@9
46E-09
17e-08
17E-08
17E-08

)

2.15E-08
2.15E-08
2.52E-e8
J3.05E-06
J3.0SE-06
2.79E-05
2.79E-05
2.79e-85
7.97€-09
3.98E-09

S.00E-05

STORAGE

2.0E-05
2.0E-05
1.0E-05
+.0E-04
.0E-04
+0E-01
+0E-01
.QE-01
+QE-04
+.OE-04
+QE-04
+OE~04
+QE-QS

S P Pt s Pt G P s P P

1.0E-05
1.0E-05

1 00E‘°4
1.CE-04
1.0E-04
1.0E-@S
1.0E~-05

1.0€-05 .

1.0E-05
1.0E-05
1.0E-05
1.0E-05
1.9E-05
1.0E-05
1.0E-85
1.0E-05
1.0E-05

POROSITY

.100
.100
. 100
.100
.100
+100
.100
. 100
.100
.100
.100
.100
.100
.100
.Jee
.100
.100
+100
1060
.100
.100
. 100
. 100
.100
.100
.100
+100
100
.100
.100
.100
+100
. 100
.100
.100
. 100
+100
.100
.100
.100
.100
.100
.100
.100
.100
.100
. 100
.100
.100
.100
+100
.100
.100
.100
.100
+ 100

DISPERSIVITY (m)
LONGITUDINAL TRANSVERSE

ce.e 2.0
FOR ALL ELEMENTS
(INTERA, 1881)



Table 1. (cont)

ELEMENT
NUMBER

HYDRARULIC (m/sec)

CONDUCTIVITY

X)

+46E-09
+46E-09
-46E-09
+46E-03
.17E-08
.17E-09
17E-09
17E-06
17E-06
17E-86
17E-06
17E-06
«17E-06
17€-07
.17E-06
.17E-07

+17E-09

17E-06
+17E-06

+17E-06

00U 10U £U U 60 U 1L U Y U 10 G () G 3 001U FUTU TU U (U TV UV U TV W W ) b

+17E-06

(¥)

?.97E-09
?7.97E-09
7.97£-09
7.97E~-09
§.00E-08
5.00E-09
5.00E-09
5.00E-06
5.00E-06
5.00E-06
5.00E-06
5.00E-06
5.00E-26
5.80E-07
5.00E-06
5.00E-07
7.97E-09
7.97E-09
7.97£-09
?.97E-09
5.00E-09
5.00E-09
5.00E-09
5.,00E-06
5.00E-06
5.0€E-06
5.00E-06
5.0QE-06
5.00E-06
5.00E-06
5.00E-06
5.00E-06

STORAGE

1,0E-04
1,0E-04
1.0E-04
1,0E-04
1.,0E-05
1.0E-05
1.0E-05
1,0E-05
1,0E-05
1,0E-05
1.0E-0S
1.0E-05
1.8E-05
1.8E-05
1.0E-05
1.8E-05
1.0E-04
1,0E-04
1.0E-04
1.0£-04
1.0E-05
1.0E-05
1.0E-0S
1.0£-05
1.0E-05
1.0E-05
1.0E-05
1.9E-05
1.0E-05
1.0E-Q@5
1 .OE-OS
1.0E-05

PORCSITY

.100
-100
.100
.100
lloe
.109
.100
.100
100
100
.109
.100
.100
.100
.109
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100
.100

DISPERSIVITY (a)
LONGITUDINAL TRANSVERSE

c0.9 2.0
FOR ALL ELEMENTS
(INTERA, 1§81)




Table 2. Derived Values for the Hydraulic Conductivity of the Head Distribution:
Magenta Unit

HYDRAULIC {(m/sec) .
ELMEER  CONDUCTIGITY STORAGE  POROSITY DISPERSIVITY (m)
)
) A LONGITUDINAL TRANSUERSE
LIRS Ll pw i
. - . - " - .
3 Sieees Slieeler ilares lige FOR ALL ELEMENTS
4 S.10E-05 5.10E- 1.06-0 .10
5 5.10E-05 5.10E-05 1.0E-02 100 (INTERA, 1981)
6 G.10E-05 G5.1@E-05 1.0E-02 .100
?7 5.10E-05 6.10E-85 1.0E-02 -100
8 5.10E-05 65.10E-@5 1.0E-02 .100
9 5.106-05 5.10E-05 1.0E-02 .100
10 5.10E-05 5.1QE-05 1.0E-02 .100
11 5.10E-05 5.10E-05 1.0E-02 .100
12 5.10E-05 G5.10E-05 1.0E-02 .100
13 1.04E-05 1.04E-05 1.0E-06 .120
14 1.04E-05 1.84E-05 1.9E-~05 .100
1S 1.846-05 1.04E-05 1,0E-06 .100
16 1.04E-05 1.04E-05 1.0E-06 .100
17 5.106-05 5.18E-05 1.0E-0@ .100
18 5.10E-05 5.10E-05 1.0E-02 -1@0
19 5.10E-05 5.10E-95 1.0E-02 .100
20 S5.106-@5 5.10E-05 1.0E-02 100
21 S5.10£-05 5.10E-05 1.0E-02 .100
22 G5.10E-05 65.18E-05 1.0E-02 .100
23 5.10€~05 5.10E-05 1.0E-02 . 100
24 S.10E-85 5.10E-05 1.0E-02 100
25 5.10E-05 5,10E-05 1,0E-02 .100
26 5.10€-06 5.10E-06 1.0E-02 - 100
27 S.10E-96 5.10E-96 1.0E-02 .100
28 S.10E-05 5.10E-05 1.0€-02 .100
29 1.04E-05 1.04E-05 1.0E-08 .100
30 1.046-05 1.04E-05 1.0E-05 .100
31 1.04€~05 1.04E-05 1.0E-06 .100
32 1.04E-05 1.04E-85 1.9E-06 .100
33 S5.10E-05 5.10E-05 1.0E-02 .100
34 S.10E-065 5.10E-05 1.0E-06 .100
35 ©.10E-05 5.10E-05 1.0E-08 .100
356 5.10€-865 5.10E-05 1.0E-06 .100
37 S.10E-85 G5.10E-05 1.0E-08 .100
38 S.106-95 5.10E-05 1.0E-86 .100
39 5,10E-05 G5.1@E-05 1.0E-26 .100
40 1.00E-20 1.00E-20 1.0E-06 .100
41 S.1@E-06 5.10E-06 1.0E-05 .100
42 S.10E-06 5.10E-06 1.0E-02 100
43 S.10E-06 S.106-06 1.0E-02 100
44 5.{0E-05 5.10E-05 1.0E-02 .100
4S 1.04E-@5 1.04E-05 1.0E~06 .100
46 1.04E-05 1.04E-0S  1.0E-06 .100
47 1.04E-@5 1.04E-05  1.0E-06 .100
48 1.04E-05 1,04E-05  1.QE-06 .100
49 2.00E-@6 2.00E-06  1.0E-04 .100
5@ 2.00E-06 2.00E-06 1.0E-04 .100
51 2.80E-06 2.00E-06 1.0E-04 .100
52 2.00E-06 2.00E-66 1.0E-04 .109
53 2.006-06 2.006-06 ' 1.0E~04 .109
64 1.00E-06 1.00E-06 1.0E-04 .100
55 1.00E-06 1.00E-06 1.OE-04 .100
)gs 5.106-95 §5.10E-05 1.0E-02 .100

16



Table 2. {cont)

DISPERSIVITY (m)

(mssmc)
‘hﬁﬂ%?& co:§3§?¥b§$v STORAGE  PRORSITY LONGITUDINAL TRANSUERSE
(X3 v 20.9 2.9

S? 5.106-06 5.10E-06 1.0E-02 .100

20 S.u0Ede S.aE¢e (.oed 108
60 G5.10E-85 5.10E-05 1.0E-92 .100 (INTERA, 1981)
€1 1.04E-05 1.04E-05 1.0£-06 -100

62 1.04E-05 1.84E-05 1.06-06 100

63 1.04E-05 1.84E-@5 1.9E-06 .100

64 1.,04E-05 1.04E-85 1.9E-06 .100

65 2.00E-06 2.08E-86 1.0E-06 100

66 2.80E-06 2.00E-06 1.0E-@6 .100

67 1.00E-08 1.00E-08  1.9E-05 ‘100

68 1.00E-20 1.60E-20  1.0E-05 .100

69 1.00E-88 1.00E-08  1.@0E-05 .10@

70 1.80E-86 1.00E-96 1.0E-04 .100

71 1.006-06 1.08E-06  1.0E-04 .10@

72 5.10E-86 G5.l0E-86 1.0E-02 .100

73 5.10€-96 G5.10E-06 1.0f-02 .100

74 5.106-06 G.10E-06 1.0E-@2 .100

75 G.10E-86 5.10E-06 1.0E~02 .100

76 5.10E-86 5.10E-06 1.0E-02 .100

27 1.04E-06 1.04E-06 1.0E-06 .100

78 1.04E-06 1.04E-06 1.0E-06 100

7S 1.84E-06 1.04E-06 1.0E-86 -100

80 1.04E-06 1.04E-06 1.0E-086 -100

81 3.00E-07 3.00E-07 1.0E-09 .100

82 3.006-07 3.00E-07 1.0£-09 100

83 3.00E-07 3.00E-@7  1.0E-09 ~100

84 3.00E-07 3.00£-07 1.0E-09 .100

85 3.00E-07 3.00E-07 1.0E-06 .100

86 B.46E-09 B.46E-09 1.0E-06 .100

.0E-06 . 100
«0E-05 +100

[- 4
Q
wn
L]
o
S
m
|
<
3
(4]
.
-4
[~
m
]
[--3
-
Gt G G bub b e s s g Pt
-4
m
]
@D
(4]

+100

99 5.00E-07 S.00E-07 .9E-05 .100
91 5.00£-07 5.00E-07 +0E-05 .100
92 1.8S5E-07 1.BS5E-07 .QE-@S .100
93 0.33E-07 0.33E-e7 +QE-05 +109
94 0.33E-07 0.33E-07 1.0E-05 .100
95 ©.33E-07 0.33E-07 1.0E-05 .100
96 ©.33E-07 0.33E-0? 1,0E-05 . 100
g? 1.14E-07 1.14€-907 1.QE-09 .100
98 1,14E-07 1.14E~07 1,0E-09 100
99 1.14E-907 1.14E-07 1.QE-09 . 100
100 1.14E-07 1.14€-07 {.0E-~09 .100
el 1.69E-09 1.69E-09 1.0E-06 .100
162 2.00E-09 2.00E-09 1.0£-06 +100
103 2,00E-09 2,00E-09 1,QE-06 +100
104 1.00E-08 1.06E-88 1.0E-07 +100
105 1.00E-08 1.€0E-08 1,0E-07 .100
106 5.00E-08 6.@ec-e8 1.0£-05 .100
107 3.30E-07 3.30E-07 1.0E-07 <100
108 0.33E-06 ¢.33E-06 1.0E-07 100
169 0.33eE-06 ©.33E-06 1.0E-07 +100
116 0.33E-96 ©,33E-06 1,0£-07 «100
111 0,33E-06 0.33E~06 1.0E-07 .100
2 0.33-06 0.33-06 1.0€-07 .10



Table 2. (cont)

DISPERSIVITY (m)

HYDRRULIC (m/sac) .
Ehﬁﬂiﬁl CONDUCTIVITY STORRGE  POROSITY LONGITUDINAL TRANSUERSE
(x) v 20.0 2.0
113 §,14E-07 §.14E-07 1.02-09 .100 FOR ALL ELEMENTS
114 1,14E-07 1.14E-87 1.@E-09 .100
115 1.14E-87 1.14E~Q7 1.8E-09 .108 (INTERA, 1981)
116 1.14E-27 1.14E-07 1.0E-@9 .100
117 B,456-09 B.45€-09 1.0E-05 .100
118 8.456-09 8.456-09 1.0E-06 .100
118 B.4SE~@9 B.456-09 1,QE-06 .180
120 S5.00E-08 S.00€-0B |.0E-04 .100
121 5.006-08 5.0@E-08 1.QE-04 .100
122 3.00£-05 3.00E-05 1.0E-0S .100
123 1.00E-05 1.Q0E-06 1.@E-05 .100
124 1.00£-05 1.00E-05 {.0E-05 .100
125 1.00E-06 1.00E-06 1.0E-05 .100
126 1.00E-06 1.006-06 1.0£-05 .100
127 1.00E-06 1.00€-06 1.0E-05 .100
128 1.00E-06 1.00E-06 1.0E-05 .100
129 4.S0E-0? 4.58E-87 1.0E-@9 .100
136 4.506-@7 4.50E-07 1.8E-09 .100
131 1.70€-06 1,70E-906 1.0E-@3 . 100
132 1.70£-06 1.70E-06 1.0E-09 .100
133 2.55€-e8 2.55E-08 1.8E-06 .100
134 2.556-88 2.556~08  1.0E-06 .100
135 1.42E-88 1.48E-08 1.@E-05 .100
136 2.80E-09 2.80€-83 1.0E-05 .100
137 4.00E-09 4.00£-09 |.0E-04 .100
138 1.00E-87 1.00E-07  1.8E-0S .180
139 1.00E-07 1.00E-07 1.0E-05 .100
140 1.00E-07 1.00E-07 1.0E-05 .100
141 1.4€E-07 1.40E-87 1.0E-05 .100
142 1.40E-07 1.40E-07 1.0E-05 .100
143 1.40€-07 1.40E-07 1.0E-0S .100
144 1.40E-07 1.40E-07 1.0E-0S .100
145 3.40E-87 3.40E-97 1.0E-09 .100
146 3.40E-87 3.49E-07 1,8E-09 .100
147 1.706-06 1.70E-906 1.0E-09 .100
148 1.70E-06 1.70E-06 1.0E-09 .100
149 1.27€-06 1.27€-26 1.0E-06 .100
150 1.276-@6 1.27E-06 1.0E-06 .100
154 7.05€-88 7.@5E-08 1.0E-0S .100
152 1.41E-08 1.41E-08  1.0E-0S .100
153 1.31€-98 1.31€-08 1.0E-85 .100
154 2.62€-@8 2.62E-08 1.0E-05 .100
155 {.31E-07 {.31E-07 1.0E-05 .10
156 1.31€-07 1.31E-07 1,8E-05 .100
167 1.40E-67 1.40E-07 1.0E-@5 .100
158 1,40E-07 1.40E-07 1.0E-95 . 100
159 §.40E-07 1.40€-07 1.0E-@5 .100
160 1.40E-07 1.40E-07 1.2E-05 .100
161 3.40E-07 3.40E-07 1.0E-09 .100
162 3.40E-07 3.40€-07 1.0E-09 <100
163 1.70E-058 1.70E-26 1.0E-09 .100
164 1.70E-06 1.70E-06 1.0E-09 .100
165 1.6SE-07 1.65E-07 1.0E-~05 .100
166 1.65€-87 1.65E~@7 1.0E-05 .190
167 S.00E-07 5.00€~97 1.0E-05 .100
168 5.00E-87 5.00E-97 1.0E-05 .190



Table 2. (cont)

ELEMENT
NUMBER

169
17

HYDRAULIC fm/sec)

CONDUCT IVITY

X}

1.31€-08
1.31E-08
1.31E-08
1.31E-07
1.40E-07
1.40€E-07
1.40E-87
1.40E-07
1.47E-07
1.47E-07
7.35€-07
7.35€-07
7.35E-07
5
S
S

-
>
>
m
1
o
2]

vl

STORAGE

1.8£-0S
1.0£-05
1.0E-05
1.0E-05S
1.0E-05
1.0£-8S
1.0E-05

+OE~0S

POROSITY

.100
.100
.100
. 100
.100
.100
. 100
.100
. 100
100
.100
.180
.100
.100
.100
.1080"
+ 100
.100
100
.100
«100
100
.100
.100
.100
.100
100
+100
+100
.100
.100
+100
.100
+ 100
. 100
.100
+100
.100
.100
.100
.100
.108
lloo
.100
.100
.100
.100
.100
.100
100
+100
.100
100
.100
.100
.100

DISPERSIVITY (m
LONGITUDINAL
0.0
FOR ALL ELEMENTS
CINTERA, 1981)

)

TRANSVERSE

2.0

19



Table 2. (cont)

DISPERSIVITY (m)

YDRAULIC (m/sec) .
Eﬁﬁ:%?; co:oﬁcrxuxtv STORARGE  POROSITY LONGI TUDINAL TRANSVERSE
(X} Y) 20.0 2.0
225 1.47E-08 1.47E-08 1.0E-@3 .100 FOR ALL ELEMENTS
226 1.47E-08 1.47E-08 1.9E-03 .100
227 1.47E-08 1.47E-08B 1.0E-0) 100 (INTERA, 1981)
228 1.47E-08 1.47E-08 1.0E-03 .100 :
229 1.47€-07 1.47E-07 1.9E-03 .100
230 1.006-07 1.Q¢E-07 1.QE-05 .100
231 1.00E-07 1.QQE-07 1.0E-05 .180
232 1.00E-07 1.00E-07 1.0E-05 180
233 1.00E-07 1.00E-07 1.0E-05 .100
234 1.00E-07 1.Q0E-07 1.QE-0S .100
235 1.00E-07 1.Q0E-07 1.BE-0S . 100
236 1.00E-07 1.00E-07 1.8E-05 .100
237 1.40E-06 1.40E-06 1.0E-05 100
238 1.40E-06 1.40E-06 1.0E-05 .100

239 1.40E-06 1.40E-06 1.0E-05 . 100
1.0£-05 . 100
1.0E-03 . 100
1.0£-03 .100
1.0E-03 .100
1.0E-03 . 100
1.0E-93 100
1.,0€-05 100
1.0E-05 .100
248 1.00E-07 1.00E-07 1.Qt£-0S .100
1.0£-0S .00
1.0E-05 .100
1.0E-05 .100
1.0E-05 .100
1 .100
1 .100
1 .100
1 .100

[ X3N]
mm
L
o
nn

&
n
®
@

@55 1.40E-07 1.40E-07
256 1.40E-07 1.40E-07

m
1

-3

“n




By way of crude example, if it is presumed that
WIPP accepts 10° drums of TRU rubbish with an
average loading of 1 g of Pu, then the repository
inventory is 10° g of Pu. If it is assumed that this
inventory is released over 10° yr, the flow in the
Culebra over the site (2 X 10* m®/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 et al, 1980). Actual fluid pHs are measured in the
Culebra in the range of 6 to 9, where the solubility
limit is at 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 10* to 2.5 X 10° 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 al
(1971). The physical characteristics of the unit and its
inferred hydraulic properties are discussed in Cooper
et al (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 analysis,
which is rather involved, is discussed in detail in Ward
et al (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.
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Figure 2. Geologic Section Across the WIPP Site
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Figure 3. Areal Assignment of Initial Hydraulic conductivity - K (m/s), 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 at 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 at W-30, which is either low
or is part of a pattern draining to the N-E, where there
are no data, and at 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 at 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 at a concentration of one unit at 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 at time zero. It
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 at 21 yr and through Figure 8 at 42
yr. After this time, 42 yr, the plume front (taken to be
107 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 at 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 at
this time because the plume had generally moved into
regions of low gradient. It has practically ceased to
move, becoming essentially static on this scale. While
the plume front, taken to be a concentration level of
107% 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 at 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 estimated 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.
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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.
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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.
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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 at 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
same concentration input. The cutout is a 2.4 X 2.4
km (1.5 X 1.5 mi) block with 289, 150 X 150 m (492 X
492 ft) elements. A plume is assumed to have formed
around a central continuous source of contaminant.
The initial plume is shown in Figure 18. The extent of
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 pointiess 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
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.
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Figure 15. Areal Assignment of Initial Hydraulic Conduc-
tivity — K (m/s), and Storativity —s, in the x and y Direction
Relative to the Major Transmissivity Tensor for the Magen-
ta Dolomite. The WIPP site is located at the center of the
finite-element grid. The numbers, upper and lower, are
element numbers.
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Figure 16. Initial Head Distributions for the Magenta Do-
lomite, Generated With ISOQUAD, Using Assigned Bound-
ary Conditions and Fixed Values at Wells
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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.
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Figure 19. 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 676 yr after discovery. Block grid is 2.5 X 2.5 km.

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 III, 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.



APPENDIX A
Analyses of Supporiing 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, it is necessary to look for systematics in
well performances. One asks whether or not “barriers”
to 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-weil
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 fiow, 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 at
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. It 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
distance from the numerical study of the well test. For
the two-well pump test, an image of the pumping well
is superimposed as a reflection across the hypothetical
barrier. The configuration is as

and

Q r,’S
h= "Wl ——)=W
47T 4Tt 4Tt
where h = head, W(u) is the exponential integral, in

this form normally referred to as the well function,
(Freeze and Cherry, 1979).

Table A-1. Summary of Results
for the Areal influence of Pump

Tests Performed in the Culebra

Unit

Radii of Influence

Test Well (ft)
H4A 929 - 829
H4B 1108 - 1008
H4C 216 - 119

5A 295 - 195

5B 334 - 234

5C 235 - 135
H-7B Undetermined
H-8B <500
H-9B >500
P14 >5000
W25 <500
W26 >500
w27 >500
W28 <2500
W30 >500

Qs the pumping rate, T is the transmissivity, 1, r; are
the distances from the observation well O(x,y) to the
pumping well P(x,y) and the image well L(x,y), respec-
tively, S is the storativity, X, is distance from the
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pumping well P to the barrier. In general, however, the
orientation of the barrier is unknown, but extreme
values can still be determined. That is, in the extreme
one of the following two figures applies.

Y= L
1(%,¥) F o (x,y)
¢ == = 1 —e— o Dp(x,¥)
S TS

2 D
o — —-4‘ - we= =P o(x.y)
! x
!
i

where

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

For the three-test well complexes, H-4a, 4b, 4¢, H-
5a, 5b, 5c, H-6a, 6b, 6¢, 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 at the time the
pump test ceased. The configuration for the H-4 com-
plex is

HAC
100,
0o’
HeB
pry
‘ HaA

In Test 1, the pumped well was H-4b with H-4a,
H-4c the observation wells. The hydraulic parameters
are r, = 100 ft, Q = 49.3 ft%/d, t = 10*s, S(H-4a) =
3.13 X 1078 S(H-4¢) = 5.67 X 107, T(H-4a) = 1.18 X
1073 ft?*/min, T(H-4c) = 1.042 x 107 ft*/min, draw-
down = 16 ft. ’



Then from the equation

_ _Q [@(=S 'S
B, = hlr,t) = 07 [W<4Tt = Wam))

where the only unknown is V; and from a table of well
functions one computes X; = 216 ft max or X; = 119ft
min. For the observation well H-4a, one computes 283
ft = X, = 183 ft.

In Test 2, the pumped well was H-4c and the
hydraulic parameters are T(H-4a) = 1.1 ft*/d, T(H-
4b) = 0.8 ft%/d, S(H-4a) = 8.04 X 107, S(H-4b) =
8.64 x 105, Q = 61 ft3/d, t = 3990 min, drawdown =
18.0 ft. Then one computes 708 ft = X; = 608 ft for
observation well H-4a. When the observation well is
H-4b, t = 2000 min, drawdown = 19 ft; then X; is
computed as 390 ft = X, = 290 ft,

In Test 3, the pumped well was H-4c¢ and the
hydraulic parameters are T(H-4a) = 1.3 ft?/d, S(H-
4a) = 5.62 X 10°% T(H-4b) = 1.2 ft*/d, S(H-4b) =
6.48 X 10, t = 4.5 X 10° min, drawdown = 22 ft, Q
= 67.7 ft*/d. The computed values for X; are 929 ft >
X, > 829 ft for ohservation well H-4a and 1108 = X;
= 1008 ft for observation well H-4b.

At complex H-5 the configuration is

[ ] 100 (1]

100’ 100’

8A

where similar tests were run. In Test 1, the pumping
well was H-5b and the hydraulic parameters were
T(H-5a) = 0.11 ft*/d, S(H-5a) = 9.34 X 10°%, T(H-5¢)
= 0.16 ft?/d, S(H-5¢) = 2.92 X 105, Q = 34.6 ft3/d,
drawdown = 45 ft and t = 9000 min. In this case X is
calculated as 235 ft = X; = 135 ft for observation well
H-5¢c. In Test 2, the pumping well was H-5¢ and the
hydraulic parameters were T(H-5a) = 0.15 ft*/d, S(H-
5a) = 2.5 x107°, T(H-5b) = 0.12 ft?/d, S(H-5b) = 2.6
x 1075, Q = 24.2 ft*/d, drawdown = 35 ft, t ~1200 min.
Then X, is calculated as 295 ft = X; = 195 ft for
observation well H-5a and 334 ft = X, = 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-Weli 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

d (Kb as) + bK ds Sas

Jr ar r or at

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 (L%/L’T)
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A change of variable to { = In r is made so that the
equation becomes

9% ds
Kb-— = Sp» — 2
P Sr m + qr

The motivation for this change of variable is so
that as finite-difference techniques are used to solve
the equation, a regular mesh in { 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

Kb Sr,’
52' (Sn-l - 2sn + sn+1)t+At = 7‘_{ (Sn,t+m - Sn,t)

2
+ Qi1/at Tn

In keeping with Rushton and Redshaw’s work
1
(1979) the increment A{ was chosen as 5 2. (10)

(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
T DN 2 DON) + DN+ 1) = 2™ (D)
g [DIN=1) — 2D(N) + DIN+1)} ~ =~ [

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

where

8 = OLD D)

Sitvar = D(l)

A = mesh interval

G v = 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
(19834a). 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 “residual” or “recovery” 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 hut
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 ft*/min
K (hydraulic conductivity) = 7.836 X 107 ft/min
(inferred graphically)
t (length of pump test) = 2000 min
Top of aquifer = 446 ft
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~%ft/min; it appears that a
value of storativity of ~0.1 X 107! 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 at 5 X 107 ft and 5 x 10° 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-2. Comparison of Hydraulic Conductivity for
Fixed Storativity, WIPP 25
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Figure A-3. Comparison of Influence of Outer Boundary of
Problem, WIPP 25
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WIPP 26
Q (pumping rate) = 4.545 ft*/min
K (hydraulic conductivity) = 3.62 X 107 ft/min
t (length of pump test) = 2000 min
Top of aquifer = 186 ft
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 107 ft/min; the value of S of ~0.48 X
107 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 at 5 X 10® ft and 5 X 10° ft. The bar-
rier would have to be >500 ft away.
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Figure A-4. Comparison of Storativity for Fixed Hydraulic
Conductivity, WIPP 26
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Figure A-5. Comparison of Hydraulic Conductivity for
Fixed Storativity, 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 ft’/min

K (hydraulic conductivity) = 2.28 X 107 ft/min
t (length of pump test) = 2000 min

Top of aguifer = 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 107% 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 107 for a
well radius of 0.18 ft. The cause for the fluctuations is
at present unknown and requires more investigation.
The well radius was adjusted to allow better match at
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 1072 ft/
min is a reasonable fit. Figure A-9 shows the effect of a
barrier at 5 X 10? ft and 5 X 10° ft. The barrier would
have to be >500 ft away.

WIPP 28

Q (pumping rate) = 2.33 ft’/min

K (hydraulic conductivity) = 5.17 X 10~ ft/min
t (length of pump test) = 350 min

Top of aquifer = 420 ft

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 107 ft/min. The match is
relatively poor for short times and suggests that S =
0.5 X 1071 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 107 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 at 0.5 x 10* 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

DRAWDOWN WIPP 27

10.0 —— T I Ty T YT T T T T
\'
15.0 |- \ -2 -
\ o K= 0.85 x 10" 21t/min
\ A K= 0.7 x 10" 2¢t/min
20.0 [ '§\ s =0.1 x 1075 g
"\ RWELL= 0.181t
- \) AMAX = 0.5 x 104
W o250 W\ — EXPERIMENTAL VALUES
uw
30.0 [ A
35.0 [ 4
40-0 i I Lognnl 11 llLlllJ Al lllllll 1 TN
1071 10° 10! 102 10° 104

MINUTES

Figure A-8. Comparison of Hydraulic Conductivity for
Fixed Storativity, WIPP 27
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Figure A-8. 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-11. Comparison of Effect of Variation of Well
Radius, WIPP 28
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DRAWDOWN 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 1072

K (hydraulic conductivity) = 0.631 X 107 ft/min
t (length of pump test) = 500 min

Top of aquifer = 631 ft

Bottom of aquifer = 653 ft

The drawdown at 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 107 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
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comparison for fixed K (0.6 X 107 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 vatue of K differs
from the original supposition. The comparison for a
restricted boundary at 0.5 X 10° ft with the maximum
radius of 0.5 X 10* ft produces a change, but so small
that it cannot be represented on the graph. Therefore
the figure is omitted, and the boundary must be at
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-15. Comparison of Storativity for Fixed Hydrau-
lic 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 ft*/min
K (hydraulic conductivity) = 1.91 X 1072 ft/min
t (duration of test) = 800 min
Top of aquifer = 573 ft
Bottom of aquifer = 595 ft

Results of the numerical reduction are illustrated
in Figures A-17, A-18, and A-19. Figure A-17 shows
the match at a fixed hydraulic conductivity for vary-
ing storativity. The range of values is fairly restricted,
and the inferred value is 0.2 X 10 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 at a fixed storativity and varying hydraulic
conductivities; the value with the best fit appears to be
K = 0.15 X 10! ft/min, a small departure from the
graphical value of 1.9 X 102 Figure A-19 shows the
effect of altering the boundary of the calculation; a
very slight change occurs at long times. This suggests
that any barrier must be at least 5. X 10° ft away.

H-7b
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 107" and the storativity
~0.5 X 10°% 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.
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Figure A-17. Comparison of Storativity for Fixed Hydrau-
lic Conductivity, P14
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Figure A-18. Comparison of Hydraulic Conductivity for
Fixed Storativity, P14
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Figure A-19. Comparison of Influence of Outer Boundary
of Problem, P14
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Figure A-20. Comparison of Various Well Sizes for Fixed
Hydraulic Conductivity and Storativity, H7b

H-8b

Q (pumping rate) = 2.14 ft*/min

K (hydraulic conductivity) = 0.173 ft/min
t (duration of test) = 600 min

Top of aquifer = 586 ft

Bottom of aquifer = 613 ft

Results of numerical reduction are illustrated in

Figures A-21, A-22, and A-23. Figure A-21 shows the
results for fixed K and variable S, for a well radius of
0.18 ft. The match is not totally satisfactory, particu-
larly at small times, but nonetheless an approximate
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value of S = 0.1 X 107 is inferred. Figure A-22 shows
the match for fixed S and variable K. The inferred
value of K is 0.25 X 1072 ft/min. For the effect of the
boundary, Figure A-23, which was calculated with
different values of K and S than those decided here (K
=0.29 X 104 8 = 0.5 X 10?), is the same for RMAX
= 0.5 X 10® ft and 0.5 X 10* ft.

DRAWDOWN H88

0.0 SRR T YT T T TV T 7T VIV T et
.-

08=0.1x10"2
20.0 08=0.15 x 1072 b
AS=05x 102
K = 0.3 x 10~2¢t/min
40.0 RWELL = 0.18 ft T

RMAX = 0.5 x 104
~— EXPERIMENTAL VALUES

OISPLACEMENT IN FEET

60.0 - 1
80.0 - .
\\
100.0 - \ >
a
120.0 it cnl g el g4 1egacil £ 2y srnl IR REETY
1071 10° 10' 102 108 10*

TIME IN MINUTES

Figure A-21. Comparison of Storativity for Fixed Hydrau-
lic Conductivity, H8b
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Figure A-22, Comparison of Hydraulic Conductivity for
Fixed Storativity, H8b
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Figure A-23. Comparison of Influence of Outer Boundary
of Problem, H8b

H-9b
Q (pumping rate) = 11.83 ft*/min
K (hydraulic conductivity) = 4.68 X 107 ft/min
t (duration of test) = 200 min
Top of aquifer = 523 ft
Bottom of aquifer = 554 ft

Results of numerical reduction are illustrated in
Figures A-24, A-25, and A-26. Figure A-24 shows the
results for fixed K and varying S; the inferred value of
S is 0.35 X 1075 Figure A-25 shows the results for
fixed S and varying K, with the inferred value for K
being 0.2 X 107! ft/min. Figure A-26 shows the com-
parison of drawdown for different values of RMAX
and the upturn of values for RMAX = 0.5 X 10° ft;
and absence of movement for RMAX = 0.5 X 10* ft
suggests no barrier in that range.
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Figure A-24. Comparison of Storativity for Fixed Hydrau-

lic Conductivity, H9b
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F!gure A-25. Comparison of Hydraulic Conductivity for
Fixzed Storativity, H9b
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Figure A-26. Comparison of Influence of Quter Boundary
of Problem, H9b
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Conclusion for 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. For
the wells discussed here, in general their drawdown
behaviors were consistent with representation of the
Culebra as a porous medium. Inconsistency as in H-7b
is being studied, but since the Culebra appears to be
well-fractured and the fractures filled with a second
porous medium, some occasional local inconsistency
should be expected. The general characteristics of core
from the Magenta and Culebra are discussed by
Gonzalez (1983a).



input for PUMP Code

Card 1
M,K

Card 2

Card 3
STDTIME
STDANS(I)

Card 4
COND,SCON,

Card 5
RWELL

RMAX

Card 6
TOP,

BASE,
WLEVEL

RCH

Card Set 7
D(D)

Card Set 8
OLD D(J)

Card 9
JFIX

Card 10
NOB

Card 11
QPUMP

TSTOP

215

I5

@,

3F10.5

2F10.5

4F10.5

8F10.3

8F10.3

nn

613

2F10.3

M = —1 for drawdown

0 for recovery

I

K = Number of terms for data for recovery

Number of value pairs for experimental drawdown or

Recovery curve

Time of drawdown datum, drawdown or recovery values
(N)

Hydraulic conductivity, storativity

Well radius

Maximum radius of problem

Top of aquifer measured from surface
Base of aquifer measured from surface
Water level of aquifer measured from surface

Recharge

Initial drawdown for recovery, K in number

Previous initial drawdown for recovery, K in number

= 1 for a fixed outer boundary (RMAX)

i

0 for a free outer boundary

Node numbers of six observation wells

QPUMP = pumping rate (=0. for recovery)

TSTOP = time at which pumping is stopped

41



[47

INPUT FOR UWIPP28 DRAUDOUN
K4
0.1 0.0 1.0 15.0 10.9 51.9
.S550E-03 .100E-00 1.09E-05
+4200E+03 .446E+03 .000E+00Q
1
1 2 05 1e 25 30
2.330000 .100E+04
"'100 000
END OF FILE

2?7

100.0 85.0 200.0 93.0 300.0 98.0 600.0 101.0

1.0E-21




b

INPUT FOR USWH1 TEST1

%] 16
12
1.0 501.10
ceo. 500.2
1.00E-03
0.23E-00
5.72E+02
5.0144E+2
5.0068E+2
5.0144E+2
5.0068E+2
1
1 2 51
0.000E+00
—100
END OF FILE
>7?

RECOVERY

2.0 501.0 4.0 500.87 9.0 500.75 20.2 500.63 40.0 500.5 80.0 500.37
400, 500.13 600. 500.09 1000. S500.02 2500. 500.

0.500E-00
0.500E+03

6.88BE+02
5.0144E+2
5.0058E+2
5.0144E+2
5.0058E+2

© 25 30
3.00£+03
0.0

5.00E+02
$.0133E+2
5.0047E+2
5.0133E+e
5.0047E+2

1.00E-20
S.0122E+2 5.0111E+2 5.0101E+2 5.0089E+2 5.0079E+2
5.0037E+2 5.0027E+2 5.0017E+2 5.0009E+2 5.0000E+2
S.01c22E+2 S5.0111E+2 5.0101E+2 5.0089E+2 5.0079E+2
5.0037E+2 5.0027E+2 5.0017E+2 5.0009E+2 5.0000E+2
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LISTING OF THE CODE NEWPUMP TO REDUCE THE PUMPTEST DATA FOR THE SINGLE-UELL TESTS

“l“ PROGRM NEWPUNP CINPUT<101B,0UTPUT=181B,TAPE??,
“ TAPEG6=INPUT, TAPE®, TAPEL, TAPER)

“xaoc-—-xmrr FILE - TAPEL
“1&““@)1’?\11’ FILE = TAPER2

00160C TO EXECUTE THIS PROGRAM FROM A 4814 TERMINAL AT SNL:

89180C 1) WAKE PROGRAM °*NEUPUMP® THE PRIMARY FILE, AND

90190C MaKE THE INPUT FILE °*TAPEL1® A LOCAL FILE.

90200C 2) IN THE °FTHTS® SUBSYSTEM TYPE;

90210C RUN, B=LGO

s022eC 3) CHANGE TO THE °"BATCH®* SUBSYSTEM AND TYPE;

$4230C A) RA

S8240C 8) DISS,TK4,FeF4

9625eC

90266C AND IN A LITTLE UHILE A GRAPH UWILL BEGIN TO APPEAR ONM
88270C THE SCREEM......

e8280C 1-7-83
[ ittt e el by —————
80300C

00310C NUMERICAL PUMPING TEST, NO VERTICAL FLOVW, WATER IN WELL
C

80320

9033@ DIMENSION R(100),RR(109),D{(100),0LDD(100),T(160),H(100),RECH(100),
00348+ A(100),8(190),C(100),E(199),U(100),V(100),N0OB(6),ARRAY(E),
::3536.0:: STDTIME(29), STDANS(20), CALTIME(200), CALANS(209)

90361 READ (1,997) M,K

69362 997 FORNAT (21S)

89363C M--1 FOR PUMP TEST, M=0 FOR RECOVERY.

99370 READ (1,999) N

00380 909 FORMAT (IS)

89390 READ (1,%) (STDTIME(LI), STDANS(I), Ie-1,N)

2¢49aC

20410 CALL USTART (@.,0)

90411 IF (R .LT. @) GO TO 242¢

049412 CALL TITLE (17H RECOVERY WIPP 30,-17,10H MNINUTES ,1i,
20413+ 21H FEET ,23,8.0,6.9)

Q0414 GO TO 2448

de420 2420 CALL TITLE(17HDRAU DOUN UIPP ES,-I? 1SHTIME IN MIMUTES, 15
00430 ,21HDISSPLACEMENT IN FEET,21,8.9,6.9)

00440 2440 CALL XLQG (0.1,1.6,12.0,-2.0)

00450 CALL CURVE (STDTIME,STDANS,N,Q)

00460 CALL SETDEV (4,

89470 ICOUNT-@

90480C

99490C INPUT AGUIFER PARAMETERS

09500C

96510 READ (1,510) COND,SCON

00520 510 FORMAT (4F10.5)

90530 URITE (2,515) COND,SCON

00540 S15 FORMAT (1X, 14HCONDUCTIVITY « ,E12.4,19H COMFINED STORAGE«
00550+ E12.4)

90564C

00570C INPUT OF RADII AND SETTING UP THE MESH



o0s8eC

00500 READ (1,500) RUELL,RMAX
00608 500 FORMAT (2F10.3)

00616 URITE (2,505) RUELL,RMAX

90626 505 FORMAT (1X,14HVELL RADIUS =
00630C

006;.0 SET UP RADIAL MESH

00650C

00660 DO 10 N-1,100

00670 AN=0.166666666672F LOAT(N-2)
80680 R(N)-RUELL219.032AN

00690 IFC  R(N).LT.RMAX) GO TO 10
09700 R(N)=RMAX

09710 RR (N )sRMAXZRMAX

00729 NMAX =N

80730 NMONE *N-1

00740 GO TO 20

09750 10 RR(N)=R(NIIR(N)

00769 20 DELA-0.383765

00770 DELAZ2-DELALDELA

0e788C

00790C LEVELS MEASURED BELOW DaTuUM
908900C

90810 READ (1,520) TOP,BASE,VULEVEL,RCH
00820 520 FORNAT(4F10.5)

@830 URITE (2,525) TOP,BASE,WLEVEL,RCH

90840 S25 FORMAT (1X,18HTOP OF AGUIFER
00850+ E12.4,32H INITIAL WATER LEVEL-

00868C
Q0870C SET INITIAL CONDITIONS

00888C

00890 DO 38 N=1,NRMAX

00900 RECH(N)*RCH

00910 D(N)~ULEVEL

00920 3@ OLDD(N)=ULEVEL

0d921 IF (M .LT. @) GO TO 2929
oe922 READ (1,998) (D(1),1-1,K)
00923 READ (1,998) (OLDD(I),I-L,K)
00924 998 FORMAT (8F10.3)

00929 2929 CONTINUE

00930C

00940C CONDITIONS ON OUTER BOUNDARY
00950C

,E12.4, 1 1HRECHARGE -

LE12.4,13H MAX RADIUSe

JE12.4)

,E12.4,17H BASE OF AQUIFER ,

0096@C IF JFIX=1 LEVEL AT OUTER BOUNDARY REMAINS AT ULEVEL

00970C

00980 READ (1,530) JFIX

00990 530 FORMNAT (I1)

01000 IF (JFIX.EQ.1) URITE (2,532)
01010 IF (JFIX.NE.1) URITE (2,534)

01020 532 FORMAT (228H 3 FIXED BOUNDARYIX )
01030 534 FORMAT (22H %% FREE BOUNDARY 33 )

01040C

91050C GIVE NODE NUNBER OF SIX 0BS UELLS
01860C

SE12.4)

45



46

01070 READ (1,540) (NO.(J) J«1,6)
01688 540 FORMAT (613

01098C
:110‘6 INPUT ADSTRACTION RATE

01120 TSTART-0.0

01130 READ (1,550) GPUNP,TSTOP
01140 550 FORRAT (2F10.3)

01158 URITE (2,555) QPUMP,TSTOP

01168 555 FORH&T(&X.!SHPUHPING RATE=>  ,E12.4,14H TILL TIME OF ,E12.4,

01170+ SH NINS
01180C
:léggg CONVERTING ABSTARCTION RATE TO QABST
1
01210 PI=4.0%ATAN(1.0)
61226 GABST=9.5XQPUMP/(PIXDELA)
01230 IND=0
o1244C
91250C INTIAL TIME AND DELT
@12€0C :
01270 TIME-Q.0
91280 DELI=0.0253RR(1)25CON- (CONDEX(BASE-TOP))
01290 DELT=DELI]
91309 DO 35 I-1,6
e1310 I1=NOB(I)
91320 35 ARRAY(I)=R(I1)
81330 URITE (2,545) R(1),(ARRAY(J),J=1,6),R(NMAX)
::3;00545 FORMAT(1X,24HTINE (MINS) LJ8F12.4)
::3600 CALCULATION FOR & SPECIFIC TIME, IND=® FOR LAST STEP
91380 40 TIME-TIME + DELT
91390 IF(TIME.LT.TSTOP) GO TO 5@
€1408 DELT-TSTOP-TIME+DELT
01410 TIME-TSTOP
91420 IND-100
01430C
01440 50 CONTINUE
01450C

:{:g:g CALCULATION REPEATED FOUR TIMES FOR COMUERGENCE
91480 DO 60 NUM-1,4
91490 DO 70 N=1,NNONE

91590C ’

:}gé:g TAKE AVERAGE SATURATED DEPTH BETUEEN N AND N+t
01530 SD=DASE-O.5X(D(N)+D(N+1))

91568 SD=BASE - TOP

01570 STOR=SCON

01580 H(N) = DELA2/(SDXCOND)

31233070 T(N)*DELT/(STORIRR(N))

1
01610C TO REPRESENT WATER IN WELL
$1629C



91630 H(1)-0.00013H(1)

01649 T(1)-2.03DELTSDELA/RR(2)

01658 T(2)-2.02T(2)

01660 H(NMAX-1)«(ALOGIR(NMAX ) )-ALOG(R(NNAX-1)))E(ALOG(R(NMAX))~ALOG
01870+ (R(NMAX-1)))/(SDECOND)

91680 H(NMAX)=1.0E+10

01690 T(NMONE )=2.0XDELTEDELA/ ( (R(NMAX)-R(NMONE-1))XSTORER(NMONE ) )
01709 T(MMAX )~1.0XDELTEADELA/ { (R{NMAX)-R(NMONE ) )XSTORZR(NNAX) )
01710 IF (JFIX.EQ.1) T(NMAX)={.0E-10XT(NMARX)

91720C
91730C GAUSSIAN ELIMINATION
01740C

01750C CALCULATION OF COEFFICIENTS

01760C EQUN IS -A(NIXDI(N-1) + B(N)ZD(N) ~ C(N)XD(N+1) « E(N)

91770C

01780 B(1)+1.0/H(1) +1.0/T(1)

01790 C(1)+1.0/H(1)

91809 E(1)-0LDD(1)/T(1) + QABST

01810 DO 90 N=2,NNONE

01820 A(N)=1.0/H(N-1)

01830 B(N)»1.0/H(N-1) + 1.8/H(N) + 1.0/T(N)

01840 C(N)I=1.87H(N)

01850 90 E(N)=OLDD(N)/T(N) - RR(N)IZRECH(N)

91860 A(NMAX)=1.8/HINMONE )

91870 B(NMAX)=1.8/H(NMONE) + 0.5/T(NMNAX)

:lgggci(ﬂﬂﬁx)-O.SXOLDD(NHRX)/T(NHRX) ~ ©.5ZRRINMAX)IRECH (NMAX)
1

01900C ELIMINATION

o1918C

91820 U(1)=B(1)

91930 V(1)-E(1)

91940 DO 100 N=2,NMAX

91950 U(NI=B(N) - (R(NIICIN-1))/U(N-1)

01960 100 V(N)I=E(N) + (A(NISV(N~-1))/U(N-1)

01979 D(NMAX)=U(NMAX )/U(NNAX)

01980 DO 110 NN=1,NMONE

01990 N=NMONE-NN+1

82000 110 DIN)«(V(N) + CINIXDIN+L)I/7U(N)

02018C

02020C TEST FOR EXCESSIVE DRAWDOWNS

02036C

02040 DRAUMX=9,98BASE + .13TOP

820850 IF (D(1).LT.DRAUNX) GO TO £0

02060 URITE (2,588

02070 580 FORMAT (1X,26H EXCESSIVE DRAWDOUN )
02080 URITE (2,565)

02080 DO 105 Nei,NMAX

02100 105 URITE (2,570) N,R(N),HIN),T(N),D(N)
92119 STOP

02120C

02130 68 CONTINUE

02149C

02150C OUTPUT AND CHANGE PARAMETERS
02160C
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02170 TININSTINE - TSTART
02189 DO 120 1-1,6

02199 11=NOB(I)

02208 120 ARRAY(I)=D(I1)

02218 ICOUNT = ICOUNT + 1

02220 IF(ICOUNT.GT.308) GO TO 125

02230 CALTIME(ICOUNTY) = TIME

92240 CALANS (ICOUNT) « D(1)

92250 125 CONTINUE

02260C

02270C

02280 URITE (2,560) TIME,TIMIN,D(1), (ARRAY(J),J*1,6),D(NMAX)
02299 560 FORMAT (1x,10E12.4)

92368 DO 130 MN=1,NMAX

92310 138 OLDD(N)«D(N)

62320 DELT-TIMINKQ.25892

92330 IF (IND.EG.6) GO TO 49

02340C

22358C ERD OF CALCULATIONS FOR A SPECIFIC TIME

ea360C

02370 URITE (2,565)

82380 S65 FORMAT (1X,BHNODE NO., 4X,B6HRADIUS,6X, BHDRAUDOWN)
02400 DO 140 Ne1,NmAX

02410 140 URITE (2,570) N,R(N),RR(N),H(N),T(N),OLDDC(N)
02420 570 FORMAT (1X,14,5E20.6)

02550 IF (ICOUNT.GT.200) ICOUNT = 201

02568 ICOUNT = ICOUNT - 1

82570C

82571 1F ( M .EQG. §) GO TO 2611t

02599 DO 150 -1, ICOUNT

02600 150 CALANS(I) « CALANS(I) - WLEVEL

92610C

02611 2611 CONTINUE

82629 CALL CURVE (CALTINE,CALANS, ICOUNT,19)

02630 CALL STRTPT (2.9,0.0)

02649 CALL ENDPL

82650 CALL DONEPL

02660C

Q2678 STOP
02680 END
END OF FILE



APPENDIX B
Comparison With the Hydraulic Model Used in the FEIS

During preparation of the FEIS, INTERA con-
structed a model for the hydraulics for the region
around the WIPP site. Their model covered a region of
36 X 36 mi, with the WIPP site located about 8 mi
east and 2 mi north of the center. Here the term model
applies to the hydraulic description of the site includ-
ing the computer code. INTERA, based on the best
available data at that time, assigned hydraulic con-
ductivities as shown in Figure B-1 and assumed hy-
draulic (head) potentials as shown in Figure B-2 (US
DOE, 1980). INTERA'’s calculations were duplicated
by PNL (Cole and Bond, 1980) and were shown to be
essentially independent of the computer code. At the
time of INTERA’s calculations the hydraulic data
were not available to distinguish between the two
units of the Rustler, the Culebra and the Magenta. For
this reason, the combined data for the two units were
modeled as a single aquifer, the Rustler. Further, since
the heads suggested that there was a gradient toward
Malaga Bend on the Pecos River, it was decided to
assume that the influx of saline fluids to the Pecos at
Malaga Bend would also be the nearest outfall for
contaminates for the WIPP site. This assumption,
which provided a well-defined area of release of the
contaminants at the nearest identifiable outfall, was
deliberately conservative. Since those calculations,
the data have become available for the Culebra and
Magenta units separately, as discussed earlier in this
report. Comparison of these Figures B-1, B-2, and B-3
with Figures 3-19 shows some of the changes in assign-
ment of the data and the resulting interpretations. For
the Culebra the heads are now distributed so that the
general trend in the flow is off to the south from the
site; the earlier trend was off to the southwest. In
addition, it has been established that the Culebra is
anisotropic. While Malaga Bend is still the closest
outfall, it now appears to be important only for con-
taminants in Nash Draw. The actual outfall to the
south-southwest is unknown, and would be substan-
tially farther away from the site than Malaga Bend.
Travel times for fluids were calculated by INTERA

and by PNL and are compared by Cole and Bond
(1980). Their assumption is that time of travel to
Malaga Bend is the important figure. The calculations
in this report are for a much shorter distance (8 mi as
opposed to <<24.3 mi); travel times are shown in Table
B-1, where the calculations for this report are given on
a mile by mile accounting for three streamlines,
namely south-southeast from the center of the site
and at the west and east edge of zone three respec-
tively and the calculations for INTERA and PNL are
given in total. Few of the original data, except for the
porosity which was assumed to be 10%, have been
used here.
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Table B-1. Travel Times for Fluids Along Selected Streamlines

Time (yr)
INTERA & PNL.  Distance @ West Edge of  Center of East Edge of
Results (mi) Area 3 Site ° Area 3
0-1 7 800 yr 40 000 53 300
1-2 17 000 19 000 - 5.2 x 108
2-3 33 500 46 400 46 400
34 69 500 63 200 63 200
' 4-5 830 5900 5900
56 950 4 500 4 500
6-7 700 3 900 3 900
7-8 650 3 700 3 700
23 mi, 3644.2 yr 8 1.3 X 10° 1.87 X 10° 5.38 X 10°
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Travel times were computed from code calcula-
tions of particle velocities at nodal points along se-
lected streamlines starting at the left edge, the center,
and the right edge of Zone III along a horizontal
midline through the repository. Velocities were as-
sumed to apply for a ¥ nodal spacing on each side of
the node. Then the nodal distance was divided by the
maximum nodal velocity to give the minimum travel
time. The travel time was reported above on a per mile
basis. It is also possible to apply Darcy’s law to each
node, using the derived head map to obtain gradients
and the Tables 1, 2 to get K (hydraulic conductivities)
to produce similar estimates. Anisotropy makes the

hand calculations somewhat gquestionable, but the
general results are similar.

The results of calculating travel times down
streamlines from the centre of the site and from the
west and east edges of zone 3 are travel times that
exceed the travel time calculated from the FEIS of
about 3600 yr for 23 mi by more than an order of
magnitude for about one-third that distance. The
reasons for the substantial differences in calculated
travel times are that there are differences in either
values for hydraulic conductivity or for values of the
potential gradient; in some cases both differ. The
original calculations were bounding and conservative.
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APPENDIX C

Test Problem

A test problem was run in order to exercise the
code on a reasonably well-defined problem from the
field. The point of a test problem is to establish that
the various parts of the code are functioning and that
results are produced which are consistent with reality.
The problem used, which was taken from the litera-
ture (Pinder, 1973 and 1974), is that of movement of
hexavalent chromium from a disposal pond on Long
Island toward Massapequa Creek. The contaminant is
in an aquifer below the creek and in part leaks upward
to the creek. The simulation requires solution of the
steady-state groundwater flow problem and the tran-
sient mass-transport preblem. The disposal pond is
made a constant concentration boundary and the
creek is a leaky element discharge area. The outer
boundary of the problem is made a Dirichlet boundary
for both heads and concentration. Fluid leaves the
system by means of the creek, while continuing to

CONCENTRATION

1.6 T | -
T T T 1T T T 777
e - }L ]
} ! | ‘ P | 0=20 mgn
14 ——- b T 1 =10 mg/l —j
l | { | l a= 1 mg/t
| R S A A
e e B T I B e

|
| i .
[ b o9 &

METERS x 103

METERS x 103

Figure C-1. Concentration of Hexavalent Cr for a Source at
the Stippled Element of 40 mg/L With Massopequa Creek
at the Cross-Hatched Elements

carry the same concentration that it has as it arrives at
the creek.

The definition of the source based on observation
required two separate source concentrations, one of 40
mg/L for the period 1949-1962 and a reduction to 10
mg/L from 1962-1972. The evolution of the contami-
nant plume is shown in the following set of figures,
which may be compared to those in Pinder (1973).

The contaminated plume and location of the leaky
elements to the river appear in Figure C-1. Isopleths in
these figures are for values of 40, 20, 10, and 1 mg/L in
this figure. In the successive Figures C-2, C-3, C-4, the
source is assumed reduced 75% and the isopleths are
20, 10, 1 mg/L in these figures. The sequence corre-
sponds to Figure 6 of Reference 11. On all figures the
cross hatching indicates the location of the leaky
elements corresponding to Massapequa Creek, and
the stippied area is the location of the disposal pond.
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CONCENTRATION
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