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DETERMINATION OF DIFFUSIVITIES

IN THE RUSTLER FORMATION FROM EXPLORATORY-SHAFT 

CONSTRUCTION AT THE WASTE ISOLATION PILOT PLANT

IN SOUTHEASTERN NEW MEXICO 

By Ken Stevens and Walt Beyeler

ABSTRACT

The construction of an exploratory shaft 12 feet in diameter into the 
Salado Formation (repository horizon for transuranic waste material) at the 
Waste Isolation Pilot Plant site in southeastern New Mexico affected water 
levels in water-bearing zones above the repository horizon. The responses in 
the water-bearing zones were recorded at hydrologic test pads HI, H2b, and 
H3. Interpretation of the construction history of the exploratory shaft 
produced an approximation of construction-generated hydraulic stresses at the 
shaft. The magnitude of these stresses was estimated using the hydrographs 
from hydrologic test pad HI. Whereas flow rates from the Magenta Dolomite and 
Culebra Dolomite Members of the Rustler Formation into the exploratory shaft 
were unknown, the ratio of transmissivity to storage (diffusivity) was 
determined by mathematically simulating the hydrologic stresses with a flood- 
wave-response digital model.

In the Magenta Dolomite Member, the time of occurrence of the initial 
slope break, amplitude, and slope of the hydrograph recorded at test pad HI 
were matched to a set of type curves generated using a diffusivity of 0.03 
foot squared per second. In the Culebra Dolomite Member at hydrologic test 
pad HI, the timing was matched with a diffusivity of 0.5 foot squared per 
second. The slope and amplitude of the response were also matched with a 
diffusivity of 0.5 foot squared per second. In the Culebra at hydrologic test 
pad H2b, the diffusivity value obtained from matching the time of the response 
was less than 1.0 foot squared per second and the diffusivity value obtained 
from matching the amplitude and slope was more than 0.5 foot squared per 
second. In the Culebra at hydrologic test pad H3, the diffusivity value from 
the response time was 1.0 foot squared per second and the diffusivity values 
from the amplitude and slope were 0.5 foot squared per second.



These results indicate that the Magenta Dolomite and Culebra Dolomite 
Members of the Rustler Formation can be modeled as homogeneous, isotropic, and 
confined water-bearing zones. One simple and consistent explanation, but by 
no means the only explanation, of the lack of a single diffusivity value in 
the Culebra water-bearing zone is that local effects in or near the 
observation wells at the hydrologic test pads dampen the amplitude of water- 
level changes.

INTRODUCTION

The U.S. Department of Energy is beginning the construction phase for a 
repository for transuranic waste in the bedded salts of the Salado Formation 
of Permian age in southeastern New Mexico (fig. 1). The repository, known as 
the Waste Isolation Pilot Plant (WIPP), is designed to demonstrate disposal 
technology for transuranic wastes.

At the WIPP, water-bearing zones with little permeability or storage 
(Magenta Dolomite and Culebra Dolomite Members of the Rustler Formation) occur 
above the repository horizon. Because these zones represent a potential path 
for the transport of radionuclides, there is a need to evaluate their regional 
hydrologic properties. This information, when determined, may be used in the 
design and construction of a monitoring-well network.

The construction of an exploratory shaft 12 feet in diameter through the 
overlying Dewey Lake Red Beds and Rustler Formation into the Salado Formation 
at the WIPP site affected water levels in the Rustler Formation. The observed 
water-level changes presented an opportunity to apply flood-wave response 
techniques to estimate diffusivity values (transmissivity divided by storage 
coefficient) of the water-bearing zones above the repository horizon.

Purpose and Scope

The purpose of this report is to refine estimates of hydraulic 
coefficients of the water-bearing zones in the Rustler Formation.

This investigation describes the procedures and interprets the results of 
modeling the Magenta Dolomite and Culebra Dolomite Members of the Rustler 
Formation at the WIPP site. The modeling effort simulated water levels 
measured by the U.S. Geological Survey during and after the construction of 
the exploratory shaft from June 1981 to December 1981 at hydrologic test pads 
HI and H3 and observation well H2b at test pad H2 (referred to as hydrologic 
test pad H2b in this report).
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DESCRIPTION OF THE STUDY AREA 

Geology

The following discussion has been paraphrased from Mercer (1983). The 
discussion is limited to geologic information that is necessary for 
understanding the hydrogeology of the Magenta Dolomite and Culebra Dolomite 
Members of the Rustler Formation.

Sedimentary rocks that crop out within the WIPP site area range in age 
from Permian to Quaternary. The oldest rocks crop out to the west and 
successively younger rocks crop out to the east. Detailed stratigraphy is 
based on information obtained from drill holes because the rocks generally are 
covered by Quaternary caliche and semi-stabilized and active dune sand. Rocks 
down to 5,000 feet of depth consist mainly of Permian sandstones, evaporites, 
and red beds, but also include some Triassic sandstone and Tertiary and 
Quaternary deposits.

The oldest and deepest formations reported at the WIPP site are included 
in the Guadalupian Delaware Mountain Group, which forms the basin floor for 
the Ochoan evaporite sequence. The Ochoan Series within the basin 
predominantly is halite and anhydrite but_ also contains potash, limestone, 
dolomite, and fine-grained elastics. The Ochoan Series includes, in ascending 
order, the Castile, Salado (repository location), and Rustler Formations and 
the Dewey Lake Red Beds. The units above the Dewey Lake Red Beds include the 
Triassic Santa Rosa Sandstone and the Chinle Formation, small outliers of the 
Tertiary Ogallala Formation, and discontinuous bolson deposits of the 
Quaternary Gatuna Formation. A thin caliche caprock of Holocene age extends 
across most of the study area and locally is overlain by both shifting and 
semi-stabilized dune sands. Holocene alluvium is present along the Pecos 
River.

Late Tertiary subsidence in the WIPP area was followed by regional uplift 
that caused eastward tilting of the beds. This structural deformation was 
later modified by local subsidence and karst development in the study area due 
to near-surface salt dissolution in the Permian evaporites.

Five subdivisions of the Rustler Formation are shown in the stratigraphic 
section of figure 2. The Rustler Formation, named by Richardson (1904), is 
the youngest unit in the Ochoan evaporite sequence. The Rustler is a key 
marker bed of the Upper Permian in Texas and New Mexico. This formation is 
one of the most extensively investigated formations at the WIPP because it 
contains the most productive water-bearing zones in the study area.
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In the vicinity of the WIPP, Vine (1963, p. B-14) has described a five­ 
fold division of the Rustler (fig. 2). The division includes: (1) At the 
base, an unnamed part of clayey siltstone and very fine grained sandstone with 
thin interbeds of anhydrite and halite in its upper part; (2) the Culebra 
Dolomite Member, a unit of thin-bedded, solution-pitted, finely crystalline 
dolomite; (3) the Tamarisk Member, anhydrite with a single thin interbed of 
unconsolidated clayey silt (residuum from a thick seam of halite and 
associated polyhalitic siltstone); (4) the Magenta Dolomite Member, a unit of 
thinly cross-laminated, fine-grained dolomite; and (5) the Forty-niner 
Member, anhydrite with a single thin interbed of unconsolidated clayey silt 
(residuum from a much thicker seam of clayey and silty halite). The anhydrite 
beds may be partially altered to gypsum in places where dissolution has 
occurred.

The Culebra Dolomite Member consists of 25 to 30 feet of microcrystalline 
dolomite. It characteristically contains many small spherical cavities that 
range from about 0.08 to about 0.80 inch in diameter and may be partly filled 
with secondary gypsum and calcite. Although many cavities are open, they do 
not appear to be interconnected except along fractures. Underlying the 
Culebra Member there is either a clayey halite or a clayey residue, depending 
on whether the halite has undergone dissolution. Dissolution and removal of 
this halite bed is directly associated with subsidence, fracturing, and the 
occurrence of permeable zones in the Culebra. In the outcrops, the dolomite 
also may be locally brecciated or deformed by dissolution and collapse.

The Magenta Dolomite Member ranges from 20 to 30 feet in thickness and is 
characterized by alternating wavy laminae of silty dolomite and anhydrite 
(altered in places to gypsum). The dolomite is detrital in origin and is 
bounded above and below by anhydrite, which may be altered to gypsum along the 
contact with the dolomite.

Hydrologic Test Pads

The sequence of hydrologic test-pad construction at the WIPP generally 
followed the procedure described by Mercer and Orr (1979) and is paraphrased 
here. The air-rotary drilling method was used to drill the holes designed for 
hydrologic observation at the WIPP site (HI, H2b, and H3). This method 
differs from standard rotary drilling in that the drilling fluid or mud gel 
used to cool the bit and remove cuttings is replaced by compressed air that is 
pumped down the drill pipe and moves back up the annular space between the 
drill pipe and the borehole wall. Dry compressed air is used unless moist 
zones or liquid are encountered, at which time soap and water are added to 
assist in removal of the cuttings. The air method was used to make it easier 
to identify water-bearing zones and to decrease the potential for formation 
plugging that sometimes occurs when using bentonite-based drilling fluids.



Geophysical logs were made in the open boreholes. These logs provide 
detailed information on lithologic changes, formation characteristics, 
potential water-bearing zones, and borehole-diameter changes. The logs were 
used for the selection of open intervals in the boreholes and to provide 
information on hole conditions in the selection of packer seats.

Cased holes were perforated with jet shots (shaped explosive charges) 0.5 
inch in diameter with three holes per foot of casing. Because of difficulties 
that occur when perforating casing in dry holes, the perforating tool was 
generally cushioned by water, which was bailed or swabbed after the tool was 
fired.

Hydrologic Test Pad HI

The final well-construction, completion, and specifications data of 
hydrologic test pad HI are shown in figure 3» The Compensated Densilog*, Dual 
Laterolog, Micro-laterolog, and Compensated Neutron log for this well are 
shown in figure 4.

Hydrologic Test Pad H2

The final well-construction, completion, specifications data, and core 
descriptions of observation well H2b at hydrologic test pad H2 are shown in 
figure 5. The Compensated Densilog, Dual Laterolog, Micro-laterolog, and 
Compensated Neutron log from hydrologic test pad H2 (observation well H2c) are 
available in Mercer and Orr (1979, p. 59, fig. 11).

Hydrologic Test Pad H3

The final well-construction, completion, and specifications data of 
hydrologic test pad H3 are shown in figure 6. The Compensated Densilog, Dual 
Laterolog, Micro-laterolog, and Compensated Neutron log are available in 
Mercer and Orr (1979, p. 42, fig. 7).

*Use of the trade name in this report is for identification purposes only 
and does not constitute endorsement by the U.S. Geological Survey.
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DRILLING CONTRACTOR: Pennsylvania Drilling Company, Carlsbad, New Mexico

DRILLING METHOD: Auger 18-inch hole (0-33 feet); Rotary 8 3/4-inch hole with air and air mist
(33-611 feet); Core 4 3/4-inch hole with air mist (611-661 feet) (cut 2 1/4-inch 
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Modified from Mercer 
and Orr, 1979

Figure 5.--ConstructIon and completion details, specifications, and core 

descriptions of observation well H2b at hydrologic test 

pad H2.
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WELL CASING RECORD: 10 3/4-inch outside diameter steel surface pipe (0-38 feet) cemented to
surface, 6 5/8-inch outside diameter steel casing, 24 pounds, 1.43 gallons per 
foot (0-891 feet) cemented to surface.

Modified from Mercer 
and Orr, 1979

Figure 6.--Construct ion and completion details and specifications of 

hydrologic test pad H3.
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Chronology of Exploratory-Shaft Construction

A detailed history of the exploratory-shaft construction was reported by 
Fenix and Scisson (1982). A synopsis of drilling events relevant to this 
report is supplied below:

06-24-81 Reverse rotary drilling rig moved onto the site.
07-04-81 Drilling began.
07-27-81 Drilled into the top of the Magenta Dolomite Member 

of the Rustler Formation; ground-water flow is 
from Magenta Dolomite Member into the borehole.,

07-29-81 Drilled through the bottom of the Magenta Dolomite 
Member.

08-07-81 Drilled into the top of the Culebra Dolomite Member 
of the Rustler Formation; ground-water flow is 
from Culebra Dolomite Member into the borehole.

08-09-81 Drilled through the bottom of the Culebra Dolomite 
Member.

08-09-81 Drilling-fluid level in borehole falls below the bottom
of the Magenta Dolomite Member; ground-water flow from 
the Magenta Dolomite Member into borehole is 
unrestricted.

08-15-81 Drilling-fluid level in borehole falls below the bottom
of the Culebra Dolomite Member; ground-water flow from 
the Culebra Dolomite Member into the borehole is 
unrestricted.

10-24-81 Drilling stopped at 2300 feet below land surface.
Borehole filled with brine to about 254 feet below 
land surface. Drill pipe pulled from borehole.

10-25-81 Brine continually added to borehole. Density 
to of the brine unknown. Occassional reports of

11-15-81 fluid level.
11-16-81 Casing lowered into the borehole. Brine

to level in borehole maintained near ground level.
12-03-81

12-04-81 Cementing.
12-06-81 Access to Culebra Dolomite Member sealed with cement.
12-07-81 Access to Magenta Dolomite Member sealed with cement.

Construction-Generated Stresses

The simulated stresses applied to the model of the Magenta Dolomite and 
Culebra Dolomite Members at the location of the exploratory shaft are shown in 
figure 7. The datum used for each water-bearing zone (fig. 7) is the reported 
static depth to water in the water-bearing zone at hydrologic test pad HI (J. 
W. Mercer, U.S. Geological Survey, oral commun., 1983). All calculations are 
made to this datum.
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Figure 7.--The exploratory-shaft simulated stresses in the Magenta and Culebra 

Dolomite Members of the Rustler Formation at the WIPP site.

Estimation of Brine Density Used to Stabilize Open Shaft

The ratio of the density of the brine fluid to the density of the 
formation fluids was estimated to be 1.3. This number was determined by 
assuming that: (1) The time interval between the drill bit penetrating a 
water-bearing zone and the first response measured at hydrologic test pad HI 
had to be reproduced in the model; and (2) the timing, amplitude, and slope 
simulations of the hydrographs at HI in the model had to be made with no more 
than one value of diffusivity in each water-bearing zone.

The maximum stress required to match both the timing of the response at 
test pad HI as well as the amplitude and slope of the response was made by 
increasing the calculated stress at the modeled shaft when the casing string 
was lowered by a factor of 1.3. The increase in stress was assumed to 
represent the greater density of the brine in the shaft used to support the 
casing string than the water present in the water-bearing zone. The 
calculated density ratio of 1.3 between the brine to the water in the water­ 
bearing zone is reasonable because the brine density is known to be greater 
than the water in the water-bearing zone. Exactly how much greater is 
unknown, the density of the brine fluid was never measured.
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To account for the lack of density information on the brine fluid, a 
possible ratio of brine density to formation-fluid density had to be 
established. The ratio of densities was estimated from the difference between 
the reported weight of the casing string while it was being lowered into the 
exploratory-shaft borehole (and partially supported by fluid in the borehole) 
and the estimated casing-string weight. The density ratio that was calculated 
and supplied the needed 100 feet of additional stress at the exploratory shaft 
was 1.3. This value was used to make the final stress hydrographs shown in 
figure 7.

Events on 07-27-81

The drill bit penetrated the top of the Magenta Dolomite Member. The 
ground-water head in the Magenta Dolomite Member at the borehole decreased 
from 0 feet (static water level) to -260 feet. To calculate the initial head 
change, the following procedure was used.

In a reverse rotary drilling system, drilling fluids are circulated up 
the drill pipe and down the annulus formed between the outside of the drill 
pipe and the borehole wall. During the drilling of the exploratory shaft, 
about 100 feet of drilling fluid was kept above the drill bit (J. W. Mercer, 
U.S. Geological Survey, oral comtnun., 1983). When the drill bit penetrated 
the top of the Magenta Dolomite Member, the head at the drill bit was 
calculated as the difference in pressure between the depth of the drill bit 
and the water-bearing zone, which was calculated as the difference in feet 
between the static water level (about 270 feet below land surface) and the 
bottom of the water-bearing zone (about 630 feet below land surface) plus 100 
feet from the drilling fluid, which equals about -260 feet below the static 
water level. The -260 feet was decreased on a daily basis to -366 feet. This 
was to account for the drill bit cutting deeper into the Rustler Formation.

Events on 08-09-81

The drilling-fluid level was below the bottom of the Magenta Dolomite 
Member. The pressure in the borehole was -360 feet. The hydraulic head in 
the borehole was the difference between the static water level and the bottom 
of the water-bearing zone, or about -360 feet. The -360 feet represents the 
minimum pressure possible in the borehole.

Events on 10-24-81

Drilling stopped at 2,300 feet below land surface. The borehole was 
filled with brine to about 254 feet below land surface. The reported brine 
level of 254 feet below land surface was changed to an equivalent formation 
head of +130 feet above the static water level using the brine and formation- 
fluid density ratio of 1.3.
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The bottom of the water-bearing unit is 630 feet below land surface and 
the brine level was reported at 254 feet below land surface: 630 feet minus 
254 feet is 376 feet. Multiplying the 376 feet of brine by the assumed 
density ratio of 1.3 yields about 490 feet in equivalent formation head; 630 
feet minus 490 feet is 140 feet, or a water level 140 feet below land 
surface. The static water level was assumed to be about 270 feet below land 
surface. The difference between 270 feet and 140 feet is 130 feet above 
static water level, or the pressure is +130 feet in freshwater-equivalent 
formation head in the borehole.

Events from 10-25-81 to 11-15-81

The density of the fluid in the borehole was unknown. Occasional reports 
of the fluid level in the borehole were made by Fenix and Scisson (1982). The 
reported fluid levels were changed to an equivalent formation head using a 
density ratio of 1.3 times the water in the Magenta Dolomite Member.

Events from 11-16-81 to 12-03-81

The casing was lowered into the borehole and was partially supported by 
the brine in the borehole. An assumption was made that the brine either 
overflowed the borehole while casing was being lowered or the brine level was 
at ground level. Brine density was assumed to be 1.3 times the water in the 
water-bearing unit.

The bottom of the water-bearing unit is 630 feet below land surface. 
Multiplying 630 feet by 1.3 yields an equivalent formation head of about 820 
feet. Static water level is 360 feet above the bottom of the water-bearing 
unit; subtracting 360 feet from 820 feet yields 460 feet. The equivalent 
formation head is +460 feet.

Events on 12-04-81

Cementing of the annular space between the casing and borehole wall began 
on December 4, 1981. The column of brine in the well was assumed to be either 
overflowing onto the land surface or at land surface. The equivalent 
formation head was assumed to be +460 feet.

Events on 12-07-81

The Magenta Dolomite Member was sealed with cement. The equivalent 
formation head in the Magenta was +460 feet. The modeled borehole was changed 
from a specified-head boundary that varied with time to a no-flow boundary and 
the +460 head was allowed to dissipate into the water-bearing zone.
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CONCEPTUAL FLOW MODEL

Hydrology of the Rustler Formation 

Hydrologic Flow Boundaries

The hydrologic units below, between, and above the Magenta Dolomite and 
Culebra Dolomite Members of the Rustler Formation (fig. 2) have been reported 
as impermeable. Mercer (1983, p. 79) wrote "In the WIPP site area, the 
presence of impermeable interbeds of halite and anhydrite and the differences 
in static head and water quality probably indicate restricted vertical 
hydraulic connection between units." A diagrammatic cross section of the flow 
model of the Rustler used in this report is shown in figure 8; the model has 
no-flow boundaries between the water-bearing units.

The choice of confined aquifers as models of the flow system in the 
Rustler Formation (fig. 8) cannot be made without stating an important 
caution: the effect of a well that is open to the Magenta Dolomite and 
Culebra Dolomite Members is to hydraulically connect discrete water-bearing 
units with different characteristics. The construction of a well open to both 
water-bearing units affects the hydrology of both units. The radial symmetry 
assumed in the cylindrical model precluded a mathematical correction of 
intraborehole flow at hydrologic test pad H2b.

Flow in Fractured Rock

The most widely used methods to determine hydraulic coefficients at the 
WIPP have been the single-well test and the multiple-well test. However, 
because of short test duration or small applied stress, only information on 
the unit near exploratory wells has been determined. On a well by well basis, 
the hydraulic coefficients of the water-bearing units in the Rustler Formation 
are variable. For example, Mercer (1983, table 7) reports the transmissivity 
of the Culebra Dolomite Member as 0.07 foot squared per day at HI, 0.4 foot 
squared per day at H2b, and 19 feet squared per day at H3; storage is reported 
to be 10~4 at HI and 10~9 at H2b.

The variability of the results from tests at the WIPP and the reported 
fractures in core samples indicate that the Magenta Dolomite and Culebra 
Dolomite Members are fractured. Flow models of fractured rock units can be 
developed using the idea of dual porosity. In a dual-porosity model 
(Barenblatt and others, 1960; StreItsova-Adams, 1978), primary hydraulic 
conductivity is from a system of fractures interconnected on a regional 
scale. Storage primarily is from the rock matrix.

The response of a dual-porosity system to a stress can be considered in 
three time periods. (1) The initial period occurs when flow is in the rock 
fractures. For example, in a single well, flow would be between the wellbore 
and fractures in the vicinity of the wellbore (local fractures). Flow from 
the regional system of fractures and rock matrix is essentially zero. 
Variations in local fracture density can cause significant differences in 
calculated transmissivities and storage coefficients. (2) The transition
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period occurs when flow between the wellbore and the local fractures becomes 
dominated by the regional system of fractures and rock matrix. Flow in the 
regional system of fractures and rock matrix increases and becomes fully 
developed. Drawdown during transition flow when plotted on log-log paper as 
fracture pressure versus time has a similar shape to Boulton's (1963) set of 
type curves for delayed yield in an unconfined aquifer (Gringarten, 1982, p. 
252). (3) Average values of hydraulic characteristics of the regional system 
of fractures and rock matrix can be determined when combined flow occurs. 
Homogeneous porous-medium solutions (for example, a flood-wave response model) 
might be appropriate during this period. Flow from the local fractures into 
wells and flow between the regional system of fractures and matrix is 
essentially in equilibrium. The problem in applying a homogeneous porous- 
medium procedure to a dual-porosity flow system is knowing the required length 
of time needed to approach a fully developed flow condition. The time element 
is important in making interpretations of data.

Assuming a flow condition for which homogeneous porous-medium solutions 
can be applied, the timing, amplitude, and rate of change of water levels is a 
function of: (1) the average hydraulic coefficients of the water-bearing 
zones, and (2) the construction-generated stresses. These can be simulated 
using the U.S. Geological Survey two-dimensional ground-water model (Trescott 
and others, 1976).

Flood-Wave Response

The construction of the exploratory shaft resulted in a flow of water to 
and from the borehole and water-bearing zones in the Rustler Formation during 
a 5-month period in 1981 . It was assumed that the length of time was great 
enough so that a flood-wave response model (Finder and others, 1969) could be 
applied. In this procedure a set of type curves is generated. Each set of 
curves represents the computed change in water level at an observation point 
due to a known stress. The diffusivity of a water-bearing zone is obtained by 
choosing the type curve that best matches the response at the observation 
point. An important assumption made about applying the flood-wave response 
procedure was that if the assumed stresses are wrong, for example, by a factor 
of two, the results are still proportional to the diffusivity. The error from 
the assumed stresses, in this example, could be corrected by multiplying the 
calculated diffusivity by one-half.

In applying the flood-wave response model to the Rustler Formation, it 
was assumed that the head changes resulted from the applied construction 
stresses. This assumption made it necessary to try to eliminate as much of 
the pre-construction water-level trends at hydrologic test pads HI and H3 as 
possible and to discard water-level data after ventilation-shaft construction 
began in January 1982.

The flood-wave response technique employed was to: (1) Decide on a 
conceptual flow model (fig. 8); .(2) approximate the construction-generated 
stresses (fig. 7); (3) develop families of type curves at the modeled 
hydrologic test pad locations using diffusivity as the principal coefficient; 
and (4) match the measured water-level data to type curves (figs. 11-15).
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DESCRIPTION OF THE CYLINDRICAL MODEL

Determining hydraulic characteristics of the water-bearing zones in the 
Rustler Formation can be simplified by assuming that the area of interest at 
the WIPP has radial symmetry. This assumption permits the use of data from 
hydrologic test pads HI, H2b, and H3 in a wedge-shaped cylindrical model whose 
apex passes through the exploratory shaft. Land (1977) used a similar 
procedure to determine the hydraulic properties of a layered aquifer in 
Florida .

The necessary boundary conditions to make a cylindrical model of the WIPP 
area can be conveniently placed into a finite-difference grid using the two- 
dimensional ground-water model of Trescott and others (1976). The model uses 
a row and column discretization of the area being simulated. Head 
distribution in the water-bearing zone is solved by a finite-difference form 
of the continuous differential equation:

dh d dh dh 
(Kxx b dP +dj (Kyy b dP = S-^7 + W (x, y, t)

h K , Kyy are the principal components of the hydraulic-conductivity 
(L/t); S is the value of specific yield (dimensionless) ; b is the

in which K
tensor
thickness of the water-bearing zone (L); and W is the rate of discharge par
unit area.

The assumptions that make this mathematical model reasonable include:

(1) All flow in the water-bearing zone is coplanar with the model.
(2) Anisotropy of the water-bearing zone (if any) is aligned with the row 

and column axes of the discretization.
(3) No spatial or temporal variations in fluid viscosity 

or density exist.
(4) The head distribution approximately satisfies a harmonic function, 

so that node-centered values can be assumed to be equal to 
block-averaged values.

The standard x-y coordinate directions in the two-dimensional ground- 
water model are rotated into a vertical plane. The y coordinate direction is 
made parallel to the z coordinate direction. The model then is used to 
simulate head distribution in an r-z coordinate system. The modification 
simulates water flowing horizontally into the exploratory shaft. The rotation 
of a model grid with a standard x-y coordinate system into an r-z coordinate 
system is shown in figure 9. The apex of the wedge corresponds to the center 
of the exploratory shaft. For a homogeneous hydrologic unit, the model 
transmissivity is a linear function of the radius and of the simulation 
angle. A similar linear transformation is applied to the storage coefficient 
to represent the increase in subtended area with increasing radius. Because
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the hydrologic unit thickness (z dimension) is treated as a width by the 
model, the specified aquifer coefficients correspond to hydraulic conductivity 
and specific storage rather than transmissivity and storage coefficient.

Three criteria were used to evaluate the success of a model run using the 
assumed stresses on the water-bearing zones during the construction of the 
exploratory shaft: (1) the reproduction of the peak amplitudes observed in 
the hydrographs at the hydrologic test pads, (2) the reproduction of the 
hydrograph slopes, and (3) the timing of the change in slope resulting from 
changes in stress. Model runs were matched to the recorded hydrographs at 
each hydrologic test pad. Diffusivity values were selected for each of the 
three criteria for each hydrograph. It would have been possible, for example, 
to select three diffusivity values for each hydrograph.

An illustration showing the row and column discretization of the 
cylindrical model is not practical. The modeled thickness is 200 feet and the 
modeled length is 72,975 feet (13.8 miles). A diagrammatic section of the 
important features of the model grid is shown in figure 10.

©

Figure 9.--Rotation and expansion of a two-dimensional finite-difference grid 

into a radial-flow grid.
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RESULTS

The best overall calibrations of the model that reproduced the three 
criteria at hydrologic test pads HI, H2b, and H3 are shown in figures 11-13. 
The diffusivity values of the Magenta and Culebra Dolomite Members at 
hydrologic test pads HI and H3 are summarized in tables 1 and 2. A summary of 
bounding diffusivity values at hydrologic test pad H2b, which was open to both 
the Magenta and Culebra Dolomite Members, is given in table 3.

Diffusiviti.es in the Magenta Dolomite Member of the 
Rustler Formation at Hydrologic Test Pads HI and H3

The measured and simulated hydrographs in the Magenta Dolomite Member at 
hydrologic test pads HI and H3 are shown in figure 11. The best overall 
calibration of the model for HI was achieved using a diffusivity value of 0.03 
foot squared per second. The measured hydrograph at H3 shows no response to 
the exploratory-shaft construction. For H3, the best overall calibration of 
the model was assumed to be made at the maximum value of diffusivity that did 
not produce a significant water-level response. Diffusivity values less than 
0.1 foot squared per second met this criterion.

Table 1. Summary of diffusivity values used to simulate hydrographs 
at hydrologic test pads HI and H3 in the Magenta 
Dolomite Member of Rustler Formation*.

[All values in feet squared per second]

Hydrologic Slope Amplitude Timing 
test pad (rate of decline) (magnitude of decline) (first change)

HI 0.03 0.03 0.03

H3 less than 0.1 less than 0.1 less than 0.1

*Brine density assumed to be 1.3 times the water-bearing-zone fluid density.
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Diffusiviti.es in the Culebra Dolomite Member of the 
Rustler Formation at Hydrologic Test Pads HI and H3

The measured and simulated hydrographs in the Culebra Dolomite Member at 
hydrologic test pads HI and H3 are shown in figure 12. At HI, a diffusivity 
value of 0.5 foot squared per second (table 2) satisfied all three criteria. 
At H3, the amplitude and slope matches were made with a diffusivity value of 
0.5 foot squared per second. The timing match was made with a diffusivity 
value of 1.0 foot squared per second (table 2).

No single diffusivity value satisfied all three criteria at hydrologic 
test pad H3. Because the reconstructed stresses from the exploratory-shaft 
construction (fig. 7) were calibrated using the measured hydrograph at 
hydrologic test pad HI, no independent procedure was available to check the 
results.

Table 2* Summary of diffusivity values used to simulate hydrographs 
at hydrologic test pads HI and H3 in the Culebra Dolomite 
Member of Rustler Formation*

[All values in feet squared per second]

Hydrologic Slope Amplitude Timing 
test pad (rate of decline) (magnitude of decline) (first change)

HI 0.5 0.5 0.5

H3 0.5 0.5 1.0

*Brine density assumed to be 1.3 times the water-bearing-zone fluid density.
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Diffusivities in the Rustler Formation at Hydrologic Test Pad H2b

Observation well H2b at hydrologic test pad H2, as shown in figure 5, was 
open to both the Magenta Dolomite and Culebra Dolomite Members. Before H2b 
was opened to both water-bearing zones, the liquid level in the Magenta was 
reported to have recovered to 295.7 feet below land surface (Mercer and Orr, 
1979, p. 74, table 22), and the liquid level in the Culebra was reported to 
have recovered to 351 feet below land surface (Mercer and Orr, 1979, p. 73, 
table 21). After the double completion of observation well H2b, the head 
difference between the two water-bearing zones would have caused intraborehole 
flow from the Magenta Dolomite Member to the Culebra Dolomite Member.

Model calibrations at hydrologic test pad H2b using diffusivity values 
from tables 1 and 2 are shown in figure 13. Because the digital model used in 
the flood-wave response was not altered to account for intraborehole flow, the 
simulated response at H2b in the Magenta Dolomite Member, which was 
discharging to the Culebra Dolomite Member, had to be less than the measured 
response; a diffusivity value of 0.03 foot squared per second met this 
criterion. This value probably is at least a reasonable lower limit for a 
diffusivity value. The simulated amplitude and slope response at H2b in the 
Culebra Dolomite Member, which was recharged from the Magenta Dolomite Member, 
had to be greater than the measured response. Using a diffusivity value of 
0.5 foot squared per second (table 1), the simulated hydrograph for the 
Culebra had a smaller amplitude, lesser slope, and later timing than the 
measured hydrograph. Using a diffusivity value of 1.0 foot squared per second 
(table 1), the timing was early.

Table 3* Summary of diffusivity values used to simulate hydrographs 
at hydrologic test pad H2b in the Magenta Dolomite Member 
and Culebra Dolomite Members of Rustler Formation*.

[All values in feet squared per second]

Water-bearing Slope Amplitude Timing
zone (rate of decline) (magnitude of decline) (first change)

Magenta 

Culebra

at least 0.03 

more than 0»5

at least 0.03 

more than 0.5

at least 0.03 

less than 1.0

*Brine density assumed to be 1.3 times the water-bearing-zone fluid density.
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Figure 13.--Hydrographs showing simulated responses in the Magenta 

and Culebra Dolomite Members of the Rustler Formation 

and the measured response in hydrologic test pad H2b 

(July 1981 through January 1982).
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DISCUSSION

In the dual-porosity approach to the problem, flow between the fractures 
and matrix was described by a homogeneous porous-media confined aquifer 
solution. The overall results indicate that this approach may not have been 
correct for the Culebra Dolomite Member, To investigate the possibility that 
this assumption was incorrect and thereby account for no single diffusivity 
value satisfying all three criteria in the Culebra (table 2), the flow model 
was modified to include a transient period of flow between the fractures and 
matrix. This modification was accomplished by treating the water-bearing zone 
as a homogeneous porous-media leaky aquifer.

In the first solutions made with the modified model, no-flow cells were 
placed in the leaky layer to simulate flow from the rock matrix to the 
regional system of fractures; second, the no-flow cells were changed to low- 
permeability cells with an overlying constant-head boundary to simulate flow 
within the matrix and flow from the matrix to the fractures. The results 
showed that no one set of aquifer properties was able to match the amplitude 
and slope of a hydrograph as well as the timing of the slope break. Changing 
the type of flow model used does not appear to have solved the problem: no 
single diffusivity value satisfied all three criteria.

An implicit assumption in the model was that the open observation wells 
at the hydrologic test pads show water levels in the water-bearing zones 
without any distortion; in other words, local effects at the wellbore are 
minimal. A single-well test in the Culebra Dolomite Member at hydrologic pad 
HI indicates that this assumption may not have been correct. The direction of 
flow (either into or out of the borehole) had a significant effect on 
calculated aquifer coefficients. The calculated transmissivity for an 
injection slug test was 2.4 X 10 foot squared per day, whereas the 
calculated transmissivity for a withdrawal slug test of about the same volume 
was 2.7 X 10~1 foot squared per day (K. F. Dennehy, U.S. Geological Survey, 
written commun., 1979).

This order-of-magnitude change for a calculated transmissivity value at 
HI may imply a local effect near the wellbore. Using the results from single- 
well testing at the WIPP as a possible indication of some wellbore effects, a 
wellbore effect was postulated to account for the gradually changing water 
levels in the Culebra Dolomite Member hydrograph. Such a wellbore effect 
could have distorted the amplitude of water-level changes in open observation 
we 1Is.

For example, if a flood-wave response model was calibrated to a distorted 
amplitude, the calculated diffusivity would be underestimated. The simulated 
water-level changes would occur later than the measured water-level changes. 
This type of problem might explain the inability to obtain a unique 
diffusivity value for the Culebra Dolomite Member.
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Diffusivity values calculated using the values of transraissivity and 
storage coefficient reported by Mercer (1983, p. 105, table 7) from single 
well slug tests are shown in table 4. A value of 1 X 10"^ was assumed for 
tests where a storage coefficient was not reported.

Table 4. Values of diffusivity calculated for the Magenta
Dolomite Member and Culebra Dolomite Member of the 
Rustler Formation using hydraulic coefficients 
reported by Mercer (1983, p. 105, table 7)

[All.values in feet squared per second]

Water-bearing 
zone HI H2b H3

Magenta Dolomite 
Member

Culebra Dolomite 
Member

0.01*

0.01 4,600

0.12

2.20*

*Storage coefficient assumed to be 1 X 10

The diffusivity values in table 4 do not show the consistency that the 
values in tables 1, 2, and 3 show. However, the large range in the calculated 
values in table 4 are consistent with a fractured rock unit. Since the tests 
had a small magnitude of stress and short duration, they reflect the 
differences between local fracture density at each well rather than average 
values.

The values simulated with the flood-wave response model for HI and H3 are 
the same for the Magenta Dolomite Member and differ by a factor of two for the 
Culebra Dolomite Member. The consistency of the results imply that average 
values of hydraulic coefficients were calculated for the Magenta Dolomite and 
Culebra Dolomite.
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CONCLUSIONS

The following conclusions can be drawn from this investigation:

1. On a regional scale, both the Magenta Dolomite and Culebra Dolomite 
Members of the Rustler Formation can be modeled by considering them to 
be homogeneous, isotropic, and confined hydrologic units.

2. A fracture-flow, dual-porosity concept is consistent with analytical 
results and measured data.

3. Magenta Dolomite Member diffusivity is estimated to be 0.03 foot squared 
per second. Culebra Dolomite Member diffusivity is estimated to be 0.5 
to 1.0 foot squared per second.

4. Wellbore effects in the Culebra Dolomite Member may explain the inability 
to obtain a unique diffusivity result.
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