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ABSTRACT 
In 1988 and 1989, hydraulic tests were conducted in seven wells to provide data on the transmissivities of 

four members of the Rustler Formation. These data will be used in modeling of groundwater flow through 
the Rustler Formation. Pressure-pulse, slug, and pumping tests were performed. The pressure-pulse and 

slug tests were simulated using the computer code GTFM to obtain estimates of transmissivity and the 
radius of influence of the testing. The pressure-pulse tests proved difficult to interpret because no 

measurements of test-zone compressibility were made. Slug tests at two of the wells were also interpreted 
using type curves based on an analytical solution for slug tests. The type-curve results differed by 35 

percent or less from the transmissivities determined using GTFM. The pumping test was interpreted using 
the computer code lnterpret/2. The slug-test interpretations provided estimates of transmissivity as follows: 

2.1 x 10"4 to 3.0 x 10"4 ft-/day for the siltstone within the unnamed lower member of the Rustler at well H-16; 

0.16 to 0.20 ft^day and 1.9 to 2.5 ft^day for the Culebra dolomite at wells AEC-7 and D-268, respectively; 
2.1 x10'3 to 2.7 xio'^/day and 0.14 to 0.18 ft^day for the Magenta dolomite at wells H-2b1 andH-3b1, 
respectively; and 3.5 x 10'3 to 4.5 x 10"3 ft^day for the Forty-niner claystone at well H-3d. The calculated 
radii of influence of the tests ranged from about 50 to 300 ft. Interpretations of the pumping test of the 
Culebra dolomite at well H-18 are ambiguous in that the test responses are equally representative of a 

single-porosity medium having a transmissivity of 2.0 ft^day and a no-flow boundary 58 ft from H-18, and 
of a double-porosity medium with a transmissivity of 1.0 fl^/day and no apparent boundaries. 
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1. INTRODUCTION 

This report presents the results of single-well hydraulic 
tests performed in seven wells in the vicinity of the 

Waste Isolation Pilot Plant (WIPP) site in southeastern 

New Mexico (Figure 1-1) in 1988 and 1989. The WIPP 
is a U.S. Department of Energy research and 

development facility designed to demonstrate safe 

disposal of transuranic radioactive wastes from the 

nation's defense programs. The WIPP facility lies in 

bedded halite in the lower Salado Formation. The 

tests reported herein were conducted in the Rustler 

Formation, which overlies the Salado Formation. 

These tests were performed by INTERA Inc. under the 
technical direction of Sandia National Laboratories, 

Albuquerque, New Mexico. 

The tests discussed in this report were performed in 

four of the five members of the Rustler Formation. The 
tests include: a slug-withdrawal test of the unnamed 
lower member of the Rustler at well H-16; slug- 

withdrawal and slug-injection tests of the Culebra 

Dolomite Member at well AEC-7; slug-injection tests of 

the Culebra at well D-268; a pumping test of the 

Culebra at well H-18; pulse-injection, slug-injection, 

and slug-withdrawal tests of the Magenta Dolomite 

Member at well H-2b1; pulse-withdrawal, slug- 

withdrawal, and slug-injection tests of the Magenta at 

well H-3b1; and pulse-withdrawal and slug-withdrawal 

tests of the Forty-niner Member at well H-3d. The tests 

were intended to provide data on the transmissivities 

of the Rustler members for use in regional-scale 

modeling of groundwater flow through the Rustler. 

This report supplements an earlier report on single-well 

testing (Beauheim, 1987c), and completes reporting of 

all single-well testing performed by Sandia National 

Laboratories during the site-characterization phase of 

the WIPP project. 

Figure 1-1 Location of the WIPP Site 
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2. RUSTLER HYDROGEOLOGY AND PREVIOUS TESTING 

The WIPP site is located in the northern part of the 

Delaware Basin in southeastern New Mexico. Geologic 

investigations for the WIPP have concentrated on the 

upper seven formations typically found in that part of 

the Delaware Basin. These are, in ascending order, 

the Bell Canyon Formation, the Castile Formation, the 

Salado Formation, the Rustler Formation, the Dewey 
Lake Red Beds, the Dockum Group, and the Gatuna 

Formation (Figure 2-1). All of these formations are of 

Permian age, except for the Dockum Group, which Is 

of Triassic age, and the Gatuna, which is a Quaternary 

deposit. The Bell Canyon and the Rustler contain the 

most transmissive of the regionally continuous and 

saturated intervals in these seven formations. 

Sixty-seven wells on 42 drilling pads in the vicinity of 

the WIPP site are completed to one or more members 
of the Rustler Formation (Figure 2-2). At the locations 

of the tests discussed in this report, the top of the 

Rustler Formation lies from 187 (D-268) to 663 ft 

(AEC-7) below ground surface, and its bottom lies from 
494 (D-268) to 988 ft (AEC-7) deep. At these locations, 
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Figure 2-1 WIPP Area Stratigraphic Column 

the Rustler consists of five mappable members (in 

ascending order): an unnamed lower member, the 

Culebra Dolomite Member, the Tamarisk Member, the 

Magenta Dolomite Member, and the Forty-niner 

Member. All of the Rustler members are fully saturated 

at all locations tested within the WIPP site boundary. 

The unnamed lower member is composed of a layered 

sequence of clayey siltstone, anhydrite, and halite 

(absent on the western side of the WIPP site) ranging 

from 100 (AEC-7) to 126 ft (H-3b1) thick. West of the 

WIPP site in Nash Draw, some evaporite beds within 

the Rustler and upper Salado Formation have been 

dissolved, creating a transmissive zone at the Rustler- 

Salado contact referred to as a "brine aquifer" by 
Robinson and Lang (1938). Portions of the unnamed 

lower member, including the contact between the 

Rustler and Salado Formations, have been tested at 21 

locations (Mercer, 1983; Beauheim, 1987c). 
Transmissivities of the tested intervals range from 3 x 

10"5 to 8 ft^day (Mercer, 1983). The brine aquifer is 

not present at the WIPP site, and the transmissiv'rty of 

the unnamed lower member there ranges from 3 x 10'5 

to 3 x 10-3 f^/day (Mercer, 1983). 

The Culebra Dolomite Member is a light olive-gray, 

fine-grained, vuggy, silty dolomite, 18 (H-2b1) to 28 ft 

(AEC-7) thick. The Culebra is the most transmissive 

member of the Rustler, and is considered to be the 

most important potential groundwater-transport 

pathway for radionuclides which may escape from the 

WIPP facility to reach the accessible environment. 

Hence, the vast majority of hydrologic tests performed 

at the WIPP site have examined the hydraulic 

properties of the Culebra. Measured transmissivities of 

the Culebra at 58 wells range from about 4 x 10'3 

f^/day east of the WIPP site at P-18 (Beauheim, 
1987c) to greater than 1 x 103 ft^day in Nash Draw 

west of the WIPP site at wells such as H-7, WIPP-26, 

and WIPP-29 (Mercer, 1983). 

The Tamarisk Member is composed of two anhydrite 

and/or gypsum units separated by a silty-claystone 
interbed which contains halite along the southern and 

central portions of the eastern boundary of the WIPP 

site. The Tamarisk has a total thickness of 84 (H-2b1) 
to 105 ft (AEC-7). Testing of the claystone unit within 

the Tamarisk Member has been attempted at DOE-2 
(Beauheim, 1986), H-3b3 (unpublished field notes), 
H-14 (Beauheim, 1987c), and H-16 (Beauheim, 1987c). 



In all cases, the transmissivity of the unit is too low to 

measure with the equipment and techniques employed. 

The Magenta Dolomite Member consists of a silly, 

gypsiferous, laminated dolomite, 20 (D-268) to 34 ft 

(AEC-7) thick. The Magenta is generally considered to 
be the second-most transmissive Rustler member, and 

has been tested at 16 locations by the U.S. Geological 

Survey (Mercer, 1983) and Sandia National 

Laboratories (Beauheim, 1986, 1987c). Magenta 
transmissivities range from about 1 x 10"3 f^/day at 

DOE-2 (Beauheim, 1986) to 3.7 x 102 fl^/day at 

WIPP-25 in Nash Draw (Mercer, 1983). 

The Forty-niner Member consists of two anhydrite/ 

gypsum units separated by a silty-claystone interbed 

which contains halite east of the WIPP site. The 

aggregate thickness of the Forty-niner varies between 
58 (AEC-7, H-2b1, H-3b1, and H-16) and 68 ft (D-268). 
The medial claystone in the Forty-niner has been 
tested only at wells DOE-2, H-14, and H-16, where it 

was found to have transmissivities ranging from 2.5 x 

10"3 to 7.1 x 10"2 ft^day (Beauheim, 1986, 1987c). 
Testing of a Forty-niner anhydrite/gypsum unit was 
attempted at H-14 (Beauheim, 1987c), but the 

transmissivity of the unit is below the limit of resolution 

of the measurement techniques and/or equipment. 
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3. TEST WELLS 

The wells discussed in this report were drilled between 

1974 and 1987 for a variety of purposes. Some of 

them have been recompleted one or more times since 

the original drilling. Three of the wells are open holes 

through the strata tested, while the others are cased 

and perforated to the tested intervals. The following 

sections contain brief histories of the wells, along with 

descriptions of their configurations at the times of 

testing. Unless otherwise indicated, all depths listed 

below are from ground surface. 

3.1 AEC-7 
Well AEC-7 was drilled under the direction of Oak 
Ridge National Laboratory in 1974 to provide lithologic 

and stratigraphic information on the evaporite 

sequence at a potential radioactive-waste repository 
site (Sandia and D'Appolonia, 1983). A 12.25-inch hole 

was drilled to the Upper Salado Formation (1004 ft) 

and cased with 8.625-inch casing. The well was then 

deepened to 3906 ft at a 7.875-inch diameter and left 

uncased and filled with brine. In 1979, Sandia National 

Laboratories (SNL) deepened AEC-7 to a total depth of 

4722 ft to allow testing of borehole-plugging concepts 
and to measure formation pressures in the Bell Canyon 
Formation (Christensen and Peterson, 1981). 
Following those tests, AEC-7 was grouted from 4455 to 
4483 ft to seal off the pressure and upward flow from 
the lower Bell Canyon Formation. 

In 1988, AEC-7 was converted into a Culebra dolomite 

observation well (Stensrud et al., 1990). A retrievable 

bridge plug was installed at approximately 950 ft, after 

which the Culebra interval was shot-perforated with 

four shots/ft from 859 to 890 ft. A production-injection 
packer (PIP) was then installed from 840.5 to 842.2 ft 

for well-development operations. Before testing began, 
the interval was shut-in with a 1.5-inch-diameter packer 
("minipacker") from 799.95 to 801.65 ft and 
anomalously high pressure readings were observed. 
This pressure is believed to have leaked past the 
bridge plug from either the Salado or the Bell Canyon 
Formation. All packers and plugs were removed, and 
the bridge plug was reset from 953.7 to 955.4 ft, 

ending the anomalous pressure readings. After 

well-development pumping, the PIP was reset at 840.96 
to 842.66 ft and a 1.5-inch minipacker was used to 
conduct a series of hydraulic slug tests on the Culebra 

dolomite. The configuration of well AEC-7 during the 
testing period is shown in Figure 3-1. 
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Figure 3-1 Well Configuration for AEC-7 
Tests 

3.2 D-268 
Well D-268 was drilled as a potash exploration hole by 
the Duval Mining Company in 1984. Under an 
agreement with SNL, the hole was to be turned into a 

Culebra monitoring well after completion (Stensrud et 

al., 1990). The hole was drilled through the Rustler 

Formation and approximately 35 ft into the Salado 

Formation to a depth of 529 ft. A 4.5-inch casing was 
set to a depth of 528 ft. Due to the lack of cement 
returns at the surface during the cementing of the 

casing, an unknown percentage of the cement was 
presumed to have been lost to a permeable formation. 
Drilling fluid was lost as the Culebra interval was 
drilled, leading to speculation that the cement loss may 
also have occurred in the Culebra. However, no direct 

evidence for the location of the cement loss is 

available. The well was deepened to a total depth of 
1411 ft and then cemented up to the casing just below 
the Rustler/Salado contact. 

Because of uncertainty as to how well the casing was 
cemented, SNL decided to abandon the well. The 

casing was cut at 220 ft in order to retrieve the upper 
portion of the casing. The casing could not be 
retrieved from 220 ft, suggesting that the cement may 



have reached that level, so the casing was cut again at 

145ft, with this section being successfully retrieved.' 
SNL then decided to retain D-268 and the casing was 
replaced into the well with a 5.5-inch swedge coupling 
to provide an overshot to seat on the casing still in the 

hole. 

In April 1988, D-268 was configured to develop and 

monitor the Culebra dolomite. The Culebra interval 

was shot-perforated with four shots/ft between 368 

and 398 ft. Due to the possibility of water leaking into 

the casing from the two cuts at 145 and 220 ft, a PIP 

was installed from 340.64 to 344.94 ft. The Culebra 

water level and the water level in the annulus above 
the PIP were monitored to check the integrity of the 

packer seal. D-268 was developed by pumping in 

November 1988 and reconfigured for a series of 

hydraulic tests. A 1.5-inch minipacker was set into the 

2.375-inch PIP tubing at a depth of 323.74 to 325.54 ft 

in order to conduct the hydraulic slug tests. The 

configuration of D-268 during the testing period is 

shown in Figure 3-2. 

Figure 3-2 Well Configuration for D-268 
Tests 

3.3 H-2b1 
Well H-2b1 (previously known as H-2b) was drilled in 

February 1977 as part of the initial hydrogeologic 
characterization of the WIPP site (Mercer and Orr, 

1979). An 8.75-inch hole was rotary drilled, with air 

mist as the drilling fluid, through the Magenta dolomite 
to a depth of 611 ft (Figure 3-3). A 6.625-inch casing 
was cemented from the ground surface to a depth of 

609 ft. A 4.75-inch hole was then cored through the 
Culebra to a depth of 661 ft. Following hydraulic tests 
of the Culebra, a retrievable bridge plug was installed 

below the Magenta interval to seal off the Culebra. 
The Magenta interval was then shot-perforated with 

three shots/ft from 510 to 538 ft and tested by bailing. 
Following those tests, the bridge plug below the 

Magenta was replaced with a PIP on 2.375-inch tubing. 
This configuration allowed monitoring of Culebra water 
levels in the tubing, and of Magenta water levels in the 

annulus between the well casing and the tubing. 
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Figure 3-3 Well Configuration for H-2b1 
Tests 

The well was reconfigured on April 20,1989 (Calendar 
Day 110) for hydraulic testing of the Magenta by 

replacing the PIP with a bridge plug, and setting a PIP 

on 2.375-inch tubing above the Magenta. Before 

setting the PIP, about 350 gallons of water were bailed 

from the well to clean and develop the well. The PIP 

was set from 482.18 to 486.68 ft and a 1.5-inch 
inflatable minipacker was set inside the tubing from 

475.05 to 476.80 ft to facilitate the hydraulic testing. 
Figure 3-3 shows the configuration of the well at the 

time of the hydraulic testing. After testing was 
completed, the PIP was removed from the well. 



3.4 H-3b1 
Well H-3b1 (previously known as H-3) was drilled 

during July and August 1976 as part of the initial 

characterization of the hydrogeology of the WIPP site 

by the U.S. Geological Survey (Mercer and Orr, 1979). 
An 8.75-inch hole was rotary drilled, with air mist as 

the drilling fluid, into the upper Salado Formation to a 

total depth of 894 ft. After total depth was reached, a 

series of drillstem tests was performed with the use of 

an inflatable double-packer testing tool. The tests were 

conducted on the contact zone between the Rustler 

and Salado Formations, an argillaceous zone in the 

unnamed lower member of the Rustler, an interval that 

included most of the Culebra dolomite, and the 

Magenta dolomite interval. The well was then filled with 

brine to conduct geophysical logging and to set and 

cement 6.625-inch casing to a depth of 891 ft. 

In 1977, the Rustler/Salado contact (813 to 837 ft) was 
shot-perforated and bailed. A retrievable bridge plug 

was then set at 795 ft, after which the Culebra interval 

from 675 to 703 ft was shot-perforated and bailed. A 

retrievable PIP was then set above the Culebra interval 

and the Magenta interval was shot-perforated using 
three shots/ft from 564 to 592 ft. The tubing was 
reattached to the PIP and well H-3b1 was used to 

monitor the water levels in both the Culebra and 

Magenta intervals. The PIP was replaced by a 

retrievable bridge plug in 1987 to convert H-3b1 into a 

water-level and water-quality-monitoring well for the 

Magenta. 

On July 14, 1989, a 4.25-inch PIP was set above the 

Magenta interval from 549.02 to 553.50 ft on 2.375-inch 

tubing. A series of hydraulic tests was conducted with 

the use of a 1.5-inch inflatable minipacker placed 
inside the 2.375-inch tubing from 529.28 to 531.08 ft. 

The configuration of well H-3b1 during the testing is 

shown in Figure 3-4. Following the hydraulic testing, 
the PIP was removed. 

3.5 H-3d 
Well H-3d was drilled in April 1987 to obtain additional 

hydrologic data on the Dewey Lake Red Beds and the 
Forty-niner claystone of the Rustler Formation in the 
south-central region of the WIPP site (Stensrud et al., 
1990). After cementing 8.625-inch surface casing to a 

depth of 39 ft, H-3d was rotary drilled at a diameter 
of 7.875 inches to a total depth of 553.9 ft, within the 
lower anhydrite of the Forty-niner Member. Brine was 
used as the drilling fluid, and the hole was left 

uncased. A 5.625-inch PIP was installed on 2.375-inch 
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Figure 3-4 Well Configuration for H-3b1 
Tests 

tubing in the upper anhydrite of the Forty-niner 

Member at a depth of 515.60 to 517.98ft. Three- 
quarter-inch polyvinyl chloride (PVC) tubing was also 
installed to a depth of 419ft for water-level-sounder 

access to the annulus. Pulse and slug testing were 
performed on the Forty-niner claystone with the use of 
a 1.5-inch minipacker installed at a depth of 512.40 to 
514.15 ft inside the 2.375-inch tubing. The 

configuration of well H-3d during the testing period is 

shown in Figure 3-5. 

3.6 H-16 
Well H-16 was drilled in July and August 1987 to 
monitor the hydraulic responses of the Rustler 

Formation during construction of the Air-Intake Shaft 
(AIS) at the WIPP site (Mercer and Snyder, 1990a). 

H-16, located 50 ft to the northwest of the AIS, was 
rotary drilled and reamed to a 9.625-inch diameter to 
a depth of 470 ft, just above the Rustler Formation. A 

7.0-inch casing was set and cemented to a depth of 

469 ft. Each member of the Rustler Formation was 
then cored and reamed to a 4.75-inch diameter. A 

series of hydraulic tests was conducted on each 
member before the next underlying member was 
penetrated. The hole was completed by reaming to a 

diameter of 6.125 inches to a total depth of 850.9 ft. 
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Figure 3-5 Well Configuration for H-3d 
Tests 

A five-packer test tool was then installed to allow 
monitoring of fluid pressures in each Rustler member 
during and after construction of the AIS. Stratigraphic 
depths of the formations encountered in the hole, and 
the five-packer completion of the well are shown in 

Figure 3-6. 

3.7 H-18 
Well H-18 was drilled in October and November 1987 

to investigate an area in the northwest portion of the 
WIPP site where large changes in Culebra trans- 

missivity and water quality occur (Mercer and Snyder, 
1990b). A 9.625-inch hole was cored and reamed to 
a depth of 674 ft, about 15 ft above the top of the 

Culebra, and 7-inch casing was set and cemented from 
673 ft to the surface. The hole was then cored and 

reamed through the Culebra to about 714 ft to a 

diameter of 4.75 inches. Following drillstem and slug 
testing of the Culebra, the hole was cored to 830.5 ft 

for stratigraphic information, reamed and drilled at a 

6.125-inch diameter to 840 ft for geophysical logging, 
and then plugged back to 766 ft with cement. In 

February 1988, a 5.625-inch sliding-end packer was set 

from 679.35 to 683.55 ft with a 1.5-horsepower pump 
installed at 688.15ft (Stensrud et al., 1988). 
Stratigraphic depths Of the formations encountered in 

H-18 and the configuration of the well at the time of 
the pumping test are shown in Figure 3-7. 
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4. TEST METHODS 

A variety of testing methods was employed for 

single-well tests at the WIPP site because of the wide 

range of transmissiv'rties encountered and because of 

the different types of well completions. Slug- 

withdrawal (rising-head) tests, slug-injection 

(falling-head) tests, pulse-withdrawal tests, pulse- 

injection tests, and pumping tests were all employed in 

these investigations. Generalized procedures for each 

type of test are presented below. The techniques used 

to interpret the data from these tests are discussed in 

detail in Appendix A and by Beauheim (1987c). 

4.1 Slug Tests 
Slug-withdrawal or slug-injection tests, as described by 
Cooper et al. (1967), are commonly performed in wells 

that do not produce enough water to sustain a 

pumping test. At the WIPP, slug-withdrawal tests are 
typically performed with a PIP set in a well on a tubing 
string. Water is swabbed from the tubing, and a 1.5- 
inch-diameter minipacker is quickly lowered into the 

tubing on a wireline and inflated a short distance below 
the level of the water remaining in the tubing. A 

transducer wired to a data-acquisition system monitors 
the pressure below the minipacker. When the pressure 
stabilizes, the minipacker is deflated rapidly, stimulating 
flow from the formation into the relatively under- 
pressurized tubing. The water-level or fluid-pressure 
rise in the tubing is monitored to provide the data 
needed to analyze the test. Ideally, the slug test 

should continue until the initial pressure differential has 

decreased by ninety percent or more. However, forty 
percent recovery generally provides adequate data for 

analysis, particularly if log-log plotting techniques are 
used (Ramey et al., 1975). Slug-withdrawal tests were 
performed in the unnamed lower member at well H-16; 
in the Culebra at well AEC-7; in the Magenta at wells 

H-2bl and H-3b1; and in the Forty-niner claystone at 
well H-3d. 

To prepare for a slug-injection test, a packer is lowered 
into the well (or into tubing if a PIP is being used to 
isolate the test zone from other water-producing 
zones) below the water surface and inflated. 
Additional water is then added to the well (or tubing) 
above the packer. After pressures above and below 
the packer stabilize, the packer is deflated as rapidly 
as possible. This connects the overlying slug of water 
with the formation below, marking the beginning of the 

test. As with a slug-withdrawal test, a slug-Injection 

test should be continued until the pressure change 

caused by the added slug of water dissipates to ten 

percent or less of its initial magnitude. Slug-injection 

tests were performed in the Culebra at wells AEC-7 

and D-268, and in the Magenta at wells H-2bl and 

H-3b1. 

4.2 Pressure-Pulse Tests 
Pressure-pulse tests are a more rapid method of 

hydraulic testing in water-bearing units with 

transmissivities that are so low (i.e., < 0.01 fl^/day) 
that slug tests would take days to months to complete. 

Pressure-pulse tests proceed more rapidly than slug 

tests because they are performed under shut-in 

conditions. That is, the test intervals are isolated with 

one or more packers so that pressure changes are 
caused by the compression/expansion of water rather 

than by the filling/draining of a volume of tubing or 

casing. The theory of pressure-pulse testing was 

described by Bredehoeft and Papadopulos (1980) and 

Neuzil (1982), who referred to the tests as modified 

slug tests. 

For the pressure-pulse tests discussed in this report, a 

testing technique was devised that required only the 

equipment that was already on site for slug tests. Both 

pulse-withdrawal and pulse-injection tests were 
performed using a minipacker inside a tubing string 

attached to a PIP isolating the test interval. The tubing 

string was either evacuated before inserting and 

inflating the minipacker for a pulse-withdrawal test, or 
filled above the inflated packer to some height above 
the expected static water level for a pulse-injection 

test. In either case, the test-interval pressure below the 
inflated packer was allowed to stabilize before testing 

proceeded. Once the test-interval pressure stabilized, 
the minipacker was deflated only long enough for the 

underpressure (pulse withdrawal) or overpressure 

(pulse injection) to be transmitted to the test zone, and 

then the minipacker was reinflated. The time required 
to deflate the minipacker, verify over several pressure 

readings that the pressure pulse had been transmitted, 

and reinflate the minipacker was typically about one 

minute. The dissipation of the resultant pressure 

difference between the test zone and the formation 

was then monitored for the actual test. Pressure-pulse 

tests were performed in the Magenta dolomite at wells 

H-2bl and H-3b1, and in the Forty-niner claystone at 

well H-3d. 



4.3 Pumping Tests 
The only pumping test discussed in this report was 
performed on the Culebra dolomite at well H-18. This 

test was performed by lowering a pump mounted 
below a packer into the well, isolating the Culebra with 

the packer, and pumping water from the formation at 

a nominally constant rate while monitoring the decline 
in pressure in the isolated interval of the well. The 

pumping period lasted for 72 hr, with an average 

pumping rate of about 0.94 gallons per minute (gpm). 

Following the pumping period, the recovery (rise) of 

the pressure in the well was monitored for 116.5 hr. 

4.4 Isolation Verification 
Pressures or water levels in the wellbores above the 

tested intervals were monitored during all tests except 
for those at AEC-7 to detect leakage around packers 

(Stensrud et al., 1988, 1990). No leakage was 
detected during any of the tests. 
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5. TEST OBJECTIVES AND INTERPRETATIONS 

The principal objective of each of the single-well 

hydraulic tests discussed in this report was to 

determine the transmissivity of a member of the Rustler 

Formation. Specific tests also had other objectives 

such as determination of the presence or absence of 

double-porosity conditions within the Culebra dolomite. 
The data and interpretations obtained from the tests 

are to be used in characterization and modeling of the 

groundwater-flow regime of the Rustler Formation. 
Descriptions of the testing instrumentation and 

data-acquisition systems and procedures, as well as 

tabulations and plots of the raw data for each test 

conducted, are contained in the Hydrologic Data 

Reports prepared for the WIPP hydrology program 
(Stensrud et al., 1988, 1990). Unless otherwise 

indicated, all depths listed below are referenced to 

ground surface. 

Interpretations of the slug and pressure-pulse tests 

were performed with the well-test-simulation model 
GTFM (Pickens et al., 1987). For comparison 

purposes, several of the slug tests were also analyzed 

using graphical type-curve-fitting techniques based on 

analytical solutions. The H-18 pumping test was 
analyzed with the well-test-interpretation code 
lnterpret/2, which uses an analytical-solution 

approach. Details on the theory and interpretation 

approaches are presented in Beauheim (1987c) for 

lnterpret/2 and the analytical-solution techniques, and 
in Appendix A for the GTFM well-test-simulation model. 

Interpretations using GTFM assume a one-dimensional 

radial-flow regime. The formation was discretized 

radially with 150 to 250 nodes, and the external 

boundary was assigned a fixed pressure equal to the 

estimated static formation pressure. The distance to 
the external boundary was chosen to be sufficiently 
large so as to have no effect on the calculated 

fluid-pressure or water-level response in the borehole. 
The formation thickness for simulation purposes is 

assumed to represent the most permeable hydro- 

stratigraphic unit (i.e., unnamed lower member 
siltstone, Culebra dolomite, Magenta dolomite, and 
Forty-niner claystone) within the test interval. This 

assumption is reasonable considering the lower 
permeability of the anhydrite/gypsum units 

immediately overlying and underlying each of these 
units. The discretization did not include a skin zone 
with different properties adjacent to the well. 

Interpreting the single-well hydraulic tests required 

selecting different combinations of transmissivity and 

static formation pressure (or water level). The 

parameter combination that yielded the simulated 

response that most closely matched the observed 

fluid-pressure or water-level response was considered 

to be representative of the actual formation 

parameters. 

The procedures and interpretations for tests of the 

unnamed lower member at H-16, the Culebra dolomite 

at AEC-7, D-268, and H-18, the Magenta dolomite at 

H-2b1 and H-3b1, and the Forty-niner claystone at 

H-3d are presented below. Any pretest history (time- 

varying pressures/heads) was combined with the 

hydraulic tests performed into one continuous test 

sequence, when possible, for analysis using the GTFM 

model. This continuous test sequence is presented as 
a linear-linear plot of pressure versus time for the 

simulation. By combining several hydraulic tests within 

a sequence, single values of transmissivity were 
determined that best fit all tests simulated. Each of the 

simulated hydraulic tests is also presented as a 

semilog plot with normalized pressure (linear axis) 

versus elapsed time (log axis). A semilog plot 

provides a better indication of the fit between the 

simulation and the observed data at early time than a 

linear-linear plot. If the fits on the semilog plots were 
not acceptable, the parameters were adjusted to obtain 

an adequate match for both linear-linear and semilog 

presentations. 

For those analyses performed using GTFM, radial- 

pressure plots are also presented showing the 

calculated pressure or hydraulic-head responses 
versus time within the tested interval at selected radial 

distances from the well. These plots can be used to 

determine whether the pressure had recovered 

completely from an individual test before the initiation 

of further testing or If the earlier test(s) had an effect 

on subsequent tests. Also, the radial-pressure plots 
allow an estimation of the radial extent of the rock 

stressed during the hydraulic tests. 

5.1 Unnamed Lower Member at Well H-16 
The unnamed lower member of the Rustler Formation 

was tested in well H-16. At well H-16, this member is 

composed of a siltstone layer bounded on top and 

bottom by beds of gypsum and/or halite (Figure 3-6). 
The interval tested extended from 738.2 to 850.9 ft 

below ground surface, with the siltstone bed occupying 
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the interval from 777.7 to 839.1 ft. For the test 

interpretations, a storativity of 1.0 x 10'4 was initially 

assumed to maintain consistency with previous 

interpretations of hydraulic tests of the unnamed lower 

member (Beauheim, 1987c). 

Well H-16 was installed to monitor the pressure 

responses of the different members of the Rustler 

Formation during the construction of the Air-Intake 
Shaft. During shaft construction, pressures responded 
in each member of the Rustler at H-16 except for the 

unnamed lower member siltstone (Avis and Saulnier, 

1990). On October 8, 1988 (Calendar Day 282) a 

slug-withdrawal test was initiated on the unnamed 

lower member at well H-16 by bailing fluid from the 
tubing and then knocking the shear pin out of the 
bottom packer. The purposes of this test were 
twofold: first, to verify that the transducer monitoring 
the pressure of the unnamed lower member was 
functioning properly; and second, to provide data with 

which to evaluate the transmissivity of the unnamed 
lower member. Descriptions of the testing 
instrumentation and the data for this test were reported 
by Stensrud et al. (1990). 

The measured pressures of the unnamed lower 

member from February 4, 1988 to April 13, 1990 are 
shown plotted in Figure 5-1. Immediately before the 

slug test began, the pressure from the unnamed lower 

member was 197 psi. During the recovery period after 

the slug withdrawal, the pressure rose to 204 psi 
before dropping back to 203 psi. The cause of this 

disparity between the pre- and post-test pressures is 

unknown. For the GTFM simulations of the test, the 

value of the static formation pressure that best fit the 

observed recovery data was assumed to be 

representative of conditions existing before the slug 
withdrawal. 

The GTFM simulation that best fit the slug-test data is 

presented in Figure 5-2. This simulation was 
generated using a transmissivity of 3.0 x 10'4 f^/day 
and a static formation pressure (at the depth of the 

transducer) of 204.5 psi. The best-fit GTFM simulation 

is also presented in semilog form as normalized 

pressure versus elapsed time (Figure 5-3). The 

simulated and observed pressure responses are in 

good agreement for both the linear-linear and semilog 

presentations. 

220 l ' i i l 

.197 psi 

200 

•„ 180 
Q- 

0^ 160 

(/) 
cn 
Ld 

^140 

120 

ccorf 

203 psi 

100 
0 100 200 300 400 500 600 700 800 900 

Time (1988 Calendar Days) 

Figure 5-1 Linear-Linear Sequence Plot of Pressure Data from the Slug-Withdrawal Test 
of the Unnamed Lower Member Siltstone at Well H-16 
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To evaluate the sensitivity of the interpreted 

transmissMty to the assumed ("base case") value of 

storativity of 1 x 10'4, simulations were fit to the 

observed data using storativity values an order of 

magnitude higher and lower. These simulations are 
shown In semilog format in Figure 5-4. The best-fit 

simulation obtained assuming a storativity of 1 x 10'3 

used a transmissMty of 2.1 x 10'4 f^/day. The best-fit 

simulation obtained assuming a storativity of 1 x 10"5 

used a transmissMty of 3.9 x 10'4 f^/day. The 

simulation with the higher storatMty appears to fit the 

observed data better over the first 50 percent of 

recovery than do either of the other two simulations, 
while the simulation with the base-case value of 

storatMty fits the data best during the last 50 percent 
of recovery. The simulation using a lower value of 

storativity provides the poorest match to the observed 

data. Therefore, the actual storatMty of the unnamed 
lower member siltstone around H-16 probably lies 

between 1 x 10'4 and 1 x 10'3, while the 

transmissMty is probably between 2.1 x 10'4 and 3.0 
x 10"4 ft^day (Table 5-1). This range encompasses 
the results of Beauheim (1987c), who calculated 

transmissMty values of 2.2 x 10'4 and 2.7 x 10"4 

ft^day from two drillstem tests of the unnamed lower 

member siltstone at H-16. 

GTFM was also used to simulate the propagation of 

the pressure transient created within the unnamed 
lower member by the slug test. Figure 5-5 presents 

the calculated pressure responses at radial distances 

of 1, 10, and 50 ft from H-16 assuming a storativity of 

1 x 10"4. A pressure change of about 0.8 psi was 
calculated to have occurred at a radial distance of 50 

ft. The pressure had recovered to within 1 psi of the 
static level by the end of the simulation period at all 

radii examined. If the storatMty of the unnamed lower 

member siltstone is greater than 10'4, the radius of 

influence of the test would have been less, whereas if 

the storativity is less than 10'4, the radius of influence 

would have been greater. For example, GTFM 

simulations show that the maximum drawdowns 

occurring at radial distances of 1, 10, and 50 ft 

assuming a storativity of 1 x 10"4 would occur at radial 

distances of 0.6,3.6, and 16 ft if the storativity were 1 x 

10'3, and at 1.75, 27.5, and 155 ft if the storativity were 
1 x 10'5. 

Figure 5-4 Semilog Plot of GTFM Simulations of the Slug-Withdrawal Test of the 
Unnamed Lower Member Siltstone at Well H-16 Using Different Values for 

Storativity 
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Table 5-1 

Summary of Single-Well Test Results 

ZONE 
DEPTH 

ZONE INTERVAL 

WELL NAME fft) 

H-16 unnamed 778-839 
lower 

member 
siltstone 

AEC-7 Culebra 860-888 
dolomite 

D-268 Culebra 369-392 
dolomite 

H-18 Culebra 689-713 
dolomite 

H-2bl Magenta 515-540 
dolomite 

H-3bl Magenta 560-584 
dolomite 

H-3d Forty- 536-546 
niner 

claystone 

Range in transmissivity reflects 

( ) Number of tests 
(?) Uncertain result 

Note: All interpretations assume single-porosity medium except as noted 

DEPTH 
INTERVAL 
TESTED TEST 

(ft) TYPE 

738-851 SLUG 

859-890 SLUG(3) 

368-398 SLUG (2) 

683-766 PUMPING 
(RECOVERY) 

510-538 a) SLUG/PULSE 
b) SLUG 

564-592 PULSE/ 
SLUG (2) 

518-554 a) PULSE 
b) SLUG 

uncertainty in storativity 

TRANSMISSIVITY* 

^/davl 

2.1 x 10'4 to 3.0 x 10"4 

0.16 to 0.20 

1.9 to 2.5 

2.0 (single-porosity) 

1.0 (double-porosity) 

2.6 x 10"3 

2.1 x10'3to2.7x10'3 

0.14 to 0.18 

4.0 x 10'3 (?) 

3.5 x10'3 to4.5x10'3 
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Figure 5-5 Simulated Pore Pressures at Selected Radial Distances from Well H-16 During 
the Slug-Withdrawal Test of the Unnamed Lower Member Siltstone 

5.2 Culebra Dolomite Member 
The Culebra dolomite was tested at wells AEC-7, 

D-268, and H-18. The testing was performed to 

determine the transmissivity of the Culebra at each of 

these locations and also to determine whether the 

Culebra behaved hydraulically as a single-porosity 
medium or as a double-porosity medium at each 

location. The storativity of the Culebra was initially 

assumed to be 1.0 x 10'5 for the test interpretations, 
based on data reported by Gonzalez (1983). 

5.2.1 Well AEC-7. A series of hydraulic tests was 
conducted on the Culebra dolomite at well AEC-7 from 

September 27 to October 13,1988 (Calendar Days 271 

to 287). The well casing is perforated from 859 to 890 
ft below ground surface to provide hydraulic 

communication with the Culebra, which lies between 
860 and 888 ft deep. The testing at well AEC-7 
consisted of a slug-withdrawal test followed by two 
slug-injection tests. Descriptions of the testing 
instrumentation and the raw test data are presented in 

Stensrud et al. (1990). 

Following well-development activities, AEC-7 was 
shut-in on day 271 to allow the Culebra pressure to 

build up to near the static formation pressure 

(Figure 5-6). During the shut-in period, the pressure 

increased to 79.6 psi and then decreased to 78.7 psi 

before the start of the slug-withdrawal test on day 277. 
During the slug-withdrawal test, the pressure recovered 

to a high of 78.1 psi and decreased to 77.9 on day 
279, at which time the well was shut-in. 

The pressure then decreased to 77.5 psi just before 

the start of the first slug-injection test on day 281. This 

behavior indicates that a pressure transient, probably 

caused by the anomalously high pressures observed 
the first time the Culebra interval was shut-in (see 
Section 3.1), was still dissipating through the Culebra 

when testing began. By the start of the second slug- 
injection test on day 286, the pressure had recovered 
to 77.5 psi. The second slug-injection test was 
terminated after approximately one day, with the last 

pressure measurement of 78.5 psi taken before full 

recovery was achieved. The pressure transient did not 

appear to affect either of the slug-injection tests. 

Therefore, the static formation pressure chosen for the 
GTFM simulation was based on the late-time pressure 

data from the first slug-injection test. 
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Figure 5-6 Linear-Linear Sequence Plot of Pressure Data from the Slug Tests of the 
Culebra Dolomite at Well AEC-7 

The pressure data for the three slug tests presented in 

Figure 5-6 were combined into one simulation for 
analysis. Pretest well history for the period from day 
271 to day 277 was included in the simulations. The 
GTFM simulation that best fit all three slug tests 

together (Figure 5-7) was generated using a 

transmissivity of 0.16 ft^day and a static formation 
pressure (at the depth of the transducer) of 77.5 psi. 
This simulation, along with the test data, was separated 
into the individual slug tests for semilog format 
presentation. Figures 5-8, 5-9, and 5-10 are semilog 
plots of normalized pressure versus elapsed time for 
the slug-withdrawal test, the first slug-injection test, and 
the second slug-injection test, respectively. The 
simulation fits the data from the two slug-injection tests 
better than it fits the data from the slug-withdrawal test. 
The deviation between the observed and simulated 

responses to the slug-withdrawal test is probably 
related to the pre-existing pressure transient that 
affected the observed response. This transient was not 
included in the simulation because it could not be well 
defined. 

To evaluate the sensitivity of the interpreted 
transmissivity to the assumed value of storativity of 1 

x 10'5, simulations were fit to the observed data from 

the first slug-injection test using storativity values an 
order of magnitude higher and lower. These 
simulations are shown in semilog format in Figure 5-11. 
The best-fit simulation obtained assuming a storativity 
of 1 x 10"4 used a transmissivity of 0.11 f^/day. The 
best-fit simulation obtained assuming a storativity of 
1 x 10'6 used a transmissivity of 0.20 ft^day. The 
simulation assuming a storativity of 1 x 10'6 may match 
the observed data slightly better than does the 
simulation with the base-case value of storativity, 
whereas the simulation assuming a storativity of 1 x 

10"4 provides the poorest match to the data. 
Therefore, the storativity of the Culebra dolomite at well 

AEC-7 is probably less than 1 x 10"5, and the 
transmissivity is probably between 0.16 and 0.20 
ft^day (Table 5-1). 

The propagation of the pressure transients created 
within the Culebra dolomite during the pretest history 
and testing periods was simulated by GTFM. Figure 
5-12 presents the pressure responses calculated at 
radial distances of 10, 100, and 300 ft from AEC-7 
assuming a storativity of 1 x 10"5. Pressure changes 
on the order of a few tenths of a psi are calculated to 

have occurred at a radial distance of 300 ft in response 
to the testing at AEC-7. The pressure recovered to 
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Figure 5-9 Semilog Plot of GTFM Simulation of the First Slug-Injection Test of the Culebra 
Dolomite at Well AEC-7 
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Figure 5-10 Semilog Plot of GTFM Simulation of the Second Slug-Injection Test of the 
Culebra Dolomite at Well AEC-7 
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Figure 5-11 Semilog Plot of GTFM Simulations of the First Slug-Injection Test of the 
Culebra Dolomite at Well AEC-7 Using Different Values for Storativity 
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near static levels between successive tests at all radii 

examined. Additional GTFM simulations show that the 

maximum drawdowns occurring at radial distances of 

10, 100, and 300 ft from AEC-7 assuming a storativity 
of 1 x 10"5 would occur at radial distances of 4, 33, 

and 100 ft if the storativity were 1 x 10'4, and at 25, 

300, and 900 ft if the storativity were 1 x 10'6. 

Analyses of the slug-withdrawal test and the first slug- 

injection test were also performed using the same 
analytical type-curve-matching procedure employed by 
Mercer et al. (1981), Dennehy and Mercer (1982), 
Dennehy (1982), and Beauheim (1986,1987c, 1989) to 
interpret other slug tests performed at the WIPP site. 

The fits between the observed data and the type 
curves are presented in Figures 5-13 and 5-14 for the 

slug-withdrawal test and the first slug-injection test, 

respectively. For the slug-withdrawal test, a trans- 
missivity of 0.24 ft^day was determined. For the first 

slug-injection test, a transmissivlty of 0.27 ft^day was 
determined. Thetransmissivities obtained using GTFM 

and the analytical type curves are reasonably 
consistent (Table 5-2). The GTFM analysis is 

considered more reliable, however, because it 

represents an integrated, consistent analysis of all 

three slug tests, while the type-curve solutions treat 

each test independently. 

No Indication of double-porosity behavior was evident 
in the hydraulic responses of the Culebra to the AEC-7 

testing. Grader and Ramey (1988) showed that data 

from a slug test in a double-porosity medium should fit 

a single-porosity type curve representative of fracture 

properties at early time, and then deviate towards 

recovery more rapid than that predicted by the 

continuation of the curve as the matrix begins to 

respond. Both single-porosity GTFM simulations and 

single-porosity analytical solutions fit the observed data 

adequately, indicating either that double-porosity 
conditions are absent or that the permeability contrast 

between the fractures and matrix is too small to 

produce a distinguishable double-porosity response on 
a semilog plot. The transmissivity of the Culebra at 

AEC-7 is consistent with that observed at other wells 

on the eastern side of the WIPP site, such as H-5b (0.2 
ft^day; Dennehy and Mercer, 1982) and H-15 (0.10 to 

0.15 ft^day; Beauheim, 1987c). 

10-2 10-' 
ELAPSED TIME (doys) 

Figure 5-13 Semilog Analytical-Solution Type-Curve Match to the Slug-Wighdrawal Test of 
the Culebra Dolomite at Well AEC-7 
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Figure 5-14 Semilog Analytical-Solution Type-Curve Match to the First Slug-Injection Test 
of the Culebra Dolomite at Well AEC-7 

Table 5-2 

Comparison of Analytical and GTFM Results 

TRANSMISSIVITY 

(ft^dav) 

WELL 

AEC-7 

D-268 

ZONE 
NAME 

Culebra 
dolomite 

Culebra 
dolomite 

Slug 

Slug 

Slug 

TEST 

withdrawal 

injection #1 

injection #1 

ANALYTICAL GTFM 
SOLUTION SIMULATION 

0.24 
0.27 

1.9 

0.16-0.20 
0.16-0.20 

1.9-2.5 
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5.2.2 Well D-268. Two slug-injection tests were 

conducted on the Culebra dolomite at well D-268 from 

December 7 to December 12, 1988 (Calendar Days 
342 to 347). Well D-268 is cased to a depth of 528 ft. 

The casing is perforated between 368 and 398 ft deep 
to provide hydraulic connection with the Culebra, 
which lies between 369 and 392 ft deep (see Figure 

3-2). The testing at D-268 consisted of an initial shut-in 

period to raise the pressure to near the static formation 

pressure followed by two slug-injection tests. 

Descriptions of the testing instrumentation and the raw 

test data are contained in Stensrud et al. (1990). 

On day 342, well D-268 was shut-in and the pressure 

was allowed to build to near static formation pressure 
(Figure 5-15). The pressure reached 20.0 psi before 
the first slug-injection test started on day 343. The 

pressure recovered from the slug injection to 20.2 psi 

within one day of the start of the test. The second 

slug-injection test was initiated on day 344 with the 

pressure also recovering back to approximately static 

formation pressure within one day. The final pressure 

reading of 20.2 psi was obtained on day 347. 

Figure 5-16 shows the best-fit GTFM simulation for the 

combined pressure-history period and the two slug- 

injection tests. The simulation was generated using a 

transmissivity of 2.0 f^/day and a static formation 

pressure (at the depth of the transducer) of 20.2 psi. 
The test data and simulation results for the two slug- 

injection tests are presented as semilog plots of 

normalized pressure versus elapsed time in Figures 

5-17 and 5-18. Both linear-linear and semilog plots 

show reasonable comparisons between observed and 

simulated pressures during the two slug-injection tests. 

However, the simulation of the first slug test lags 
behind the data slightly (Figure 5-17), indicating the 

transmissivity should be slightly higher, whereas the 

simulation of the second slug test leads the data 

slightly (Figure 5-18), indicating the transmissivity 

should be slightly lower. Additional simulations show 

that the first slug test is best matched by a simulation 

using a transmissivity of 2.1 ft^day (Figure 5-17), and 

the second slug test is best matched using a 

transmissivity of 1.9 ft^day (Figure 5-18). This 

difference is not considered to be significant. 
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Figure 5-18 Semilog Plot of. GTFM Simulations of the Second Slug-Injection Test of the 
Culebra Dolomite at Well D-268 

To evaluate the sensitivity of the interpreted 
transmissivity to the assumed value of storativity 
of 1 x 10"5, simulations were fit to the observed data 
from the second slug-injection test using storativity 
values an order of magnitude higher and lower. These 
simulations are shown in semilog format in Figure 5-19. 
The best-fit simulation obtained assuming a storativity 
of 1 x 10"4 used a transmissivity of 1.4 ft^day. The 
best-fit simulation obtained assuming a storativity of 1 

x 10"6 used a transmissivity of 2.3 ft^day. Similar 
results were obtained by fitting the first slug test using 
different values of storativity. With a storativity of 
1 x 10"4, the best-fit transmissivity was 1.6 ft^day, and 
with a storativity of 1 x 10'6, the best-fit transmissivity 
was 2.5 ft^day. For both slug tests, the simulations 
with storativities of 1 x 10'6 and 1 x 10'5 match the 
observed data well over the first 80 + percent of 

recovery, with the 1 x 10"6 storativity perhaps providing 
a slightly better match. The simulations with a 

storativity of 1 x 10"4 fit the data the worst of the three 
simulations. Therefore, the storativity of the Culebra at 
D-268 is probably less than 1 x 10"5, and the 
transmissivity is probably between 1.9 and 2.5 ft^day 
(Table 5-1). 

The propagation of the pressure transients created 
within the Culebra dolomite during the pretest history 
and testing periods was simulated by GTFM. Figure 
5-20 presents the pressure responses calculated at 
radial distances of 10, 100, and 300 ft from D-268 
assuming a storativity of 1 x 10"5. Pressure changes 
on the order of a few tenths of a psi are calculated to 

have occurred at a radial distance of 300 ft in response 
to the testing at D-268. The pressure recovered to 
near static levels between successive tests at all radii 

examined. Additional GTFM simulations show that the 
maximum drawdowns occurring at radial distances of 

10, 100, and 300 ft from D-268 assuming a storativity 
of 1 x 10"5 would occur at radial distances of 4, 33, 
and 100 ft if the storativity were 1 x 10'4, and at 25, 
300, and 900 ft if the storativity were 1 x 10"6. 

Analysis of the first slug-injection test was also 

performed using an analytical type-curve-matching 
procedure. The fit between the observed data and the 
type curve is shown in Figure 5-21. A transmissivity of 

1.9 ft^day was obtained from the interpretation. This 

transmissivity value is in excellent agreement with the 
values obtained from the GTFM simulations (Table 
5-2). 
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Figure 5-19 Semilog Plot of GTFM Simulations of the Second Slug-Injection Test of the 
Culebra Dolomite at Well D-268 Using Different Values for Storativity 
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Figure 5-21 Semilog Analytical-Solution Type-Curve Match to the First Slug-Injection Test 
of the Culebra Dolomite at Well D-268 

The slug tests did not provide any evidence that the 

cement lost in D-268 in 1984 (see Section 3.2) had in 

any way affected the transmissivity of the Culebra. If 

cement had partially plugged the Culebra around 

D-268, we should have observed hydraulic behavior 

typical of a relatively low transmissivity region 
surrounded by a relatively high transmissivity region. 
This could appear as either a highly positive skin on 
the well, or as a constant-pressure boundary near to 
the well. Neither of these features was needed to 
obtain good GTFM simulations of the tests. The 
analytical-solution type curve fit to the data in Figure 
5-21 is also not indicative of a highly positive skin 

(Ramey et al., 1975). The fate of the cement lost in 

D-268, therefore, remains unresolved. 

No indication of double-porosity behavior was evident 
in the hydraulic responses observed during slug 
testing. Both single-porosity GTFM simulations and 
single-porosity analytical solutions fit the observed data 
adequately over the entire testing period. 

5.2.3 Well H-18. Beauheim (1987c) reported on 
drillstem and slug tests performed at H-18 in October 
1987 that provided transmissivity estimates for the 
Culebra ranging from 1.7 to 2.2 ft^day. Double- 
porosity hydraulic behavior has been observed at the 

H-3 hydropad, where the transmissivity of the Culebra 

was reported as 1.7 to 2.9 ft^day (Beauheim, 1987a). 
To evaluate whether or not the Culebra behaves as a 

double-porosity system at H-18, a 72-hour pumping 
test was performed from March 11 to March 14, 1988 

(Calendar Days 71 to 74). The interval open to testing 
was uncased and extended from 683 to 766 ft below 
ground surface with the Culebra located between 688.6 
and 712.8 ft. Descriptions of the testing instrumen¬ 
tation and the raw test data are presented in Stensrud 

etal. (1988). 

The pumping rate over the first day of the test 
fluctuated between 0.75 and 1.27 gpm, but it remained 
nearly constant over the remaining two days at about 
0.95 gpm (Figure 5-22). The pump was shut off on 
day 74 and the pressure-recovery response was 
monitored for almost five days. Figure 5-23 shows the 
pressures observed in H-18 during the pumping and 

recovery periods. When pumping began, the pressure 
was still recovering slowly from well-development 
pumping performed earlier in the month (Stensrud et 

el., 1988). At the time the pump was turned on, the 
pressure was 136.05 psi. When recovery monitoring 
was terminated 116.5 hr after the end of pumping, the 
pressure was 136.94 psi and still rising at an ever- 
decreasing rate. 
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Figure 5-22 Flow Rates During the Pumping Test of the Culebra Dolomite at Well H-18 
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Figure 5-23 Linear-Linear Sequence Plot of Pressure Data from the Pumping Test of the 
Culebra Dolomite at Well H-18 
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The H-18 pumping test was analyzed using the 

lnterpret/2 well-test-interpretation code. When using 
Interpret/2, the pressure derivative (derivative of the 

pressure change with respect to log time) serves as a 

diagnostic tool to evaluate the nature (single- or 
double-porosity, infinite or bounded, etc.) of the 

system tested (Bourdet et al., 1989). In the case of the 
H-18 pumping test, the pressure derivative reached a 

minimum value during the first hour of recovery, after 
which it rose and stabilized. A minimum in the 

pressure derivative can be caused by either double- 
porosity conditions or by a no-flow boundary. 
Accordingly, attempts were made to interpret the test 

using both a double-porosity model and a single- 

porosity model with a no-flow boundary. 

The variations observed in the pumping rate during the 

drawdown portion of the pumping test precluded 
analysis of the drawdown data with lnterpret/2. To 
maximize analytical accuracy for the recovery data, the 

pumping period was divided into 51 periods with 
different durations and pumping rates. 

Figure 5-24 shows a log-log plot of the H-18 recovery 
data along with the best-fit lnterpret/2 simulation 

obtained using a single-porosity model with a no-flow 

boundary. The observed data and the simulation are 
in close agreement. The simulation parameters include 
a transmissivity of 2.0 ft^day, a well skin factor (s) of 

about 3.3, a wellbore-storage coefficient (C) of 2.1 x 

10'2 gal/psi, and a distance to the no-flow boundary 
(d) of 58 ft. The positive skin factor indicates that the 

well is not in perfect hydraulic communication with the 

Culebra. 

A Horner plot is the petroleum-industry equivalent of 

the semilog Theis recovery plot used in groundwater 
hydrology (Earlougher, 1977). Horner plots show 
pressure recovery versus a logarithmic superposition 
function. The superposition function represents a 

superposition of responses to each individual pumping 
period and rate during a multirate test. A Horner plot 
of the H-18 recovery data and simulation is shown in 

Figure 5-25. As with the log-log plot (Figure 5-24), a 

good match between the data and simulation is 

evident. Extrapolation of the data to infinite recovery 
time (superposition function equal to zero) on the 

Horner plot indicates a final formation pressure of 

140.0 psi. 
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Figure 5-25 Horner Plot of lnterpret/2 Simulation of the Recovery from the Pumping Test 
of the Culebra Dolomite at Well H-18 Assuming Bounded Single-Porosity 
Conditions 

A formation pressure of 140.0 psi is also indicated by 
the linear-linear simulation of the H-18 pumping test 

shown in Figure 5-26. While the agreement between 
the simulation and the observed data is excellent 
throughout the recovery period, the simulation does 
not fit the data well during the pumping period. Two 
factors are likely responsible for this deviation. First, 
the simulation assumed that the initial pressure was 
stabilized at 140.0 psi rather than rising from 136.05 psi 
when pumping began. Consequently, the early 
simulated responses are offset by about 4 psi. The 
simulation more nearly approximates the observed 
data later in the pumping period (Figure 5-26) when 
more of the recovery from the earlier well-development 
pumping should have occurred. Second, the specific 
gravity of the fluid pumped from H-18 was not constant 
during the test, but instead decreased from 1.06 to 
1.03 (Stensrud et al., 1988). Accordingly, pumping a 

unit volume of fluid from the well early in the test 
caused a slightly larger pressure change than the 
removal of a similar volume later in the test. The 
simulation makes no allowance for this difference. 

A log-log plot of the H-18 recovery data along with the 
best-fit lnterpret/2 simulation obtained using a double- 
porosity model is shown in Figure 5-27. The observed 
data and the double-porosity simulation are in equally 
good agreement as the data and the bounded single- 

porosity simulation (Figure 5-24). The double-porosity 
model used assumes unrestricted (transient) inter- 

porosity flow and spherical matrix blocks. The double- 

porosity simulation parameters include a transmissivity 
of 1.0 ft2 /day, a well skin factor (s) of about -0.9, a 

wellbore-storage coefficient (C) of 2.1 x 10"2 gal/psi, a 

storativity ratio (w) of 0.01, and an interporosity-flow 
coefficient (A) of 3.1 x 10"5. The negative skin factor 
indicates that the well is connected to the Culebra by 

fractures. The storativity ratio shows that greater than 
99 percent of the water produced during the test came 
from storage in the matrix rather than from storage in 

the fractures. 

Horner and linear-linear plots of the data and 
double-porosity simulations are shown in Figures 5-28 
and 5-29. Again, the double-porosity simulations 
fit the data as well as the bounded single-porosity 
simulations (Figures 5-25 and 5-26). Both the Horner 
and linear-linear double-porosity simulations indicate 
the same formation pressure of 140.0 psi as the 
bounded single-porosity simulations. 

Neither the bounded single-porosity simulation nor the 

double-porosity simulation appear to match the H-18 
pumping-test data appreciably better than the other. 
The transmissivity derived from the bounded single- 
poros'rty simulation, 2.0 ft^day, agrees more closely 
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Figure 5-28 Horner Plot of lnterpret/2 Simulation of the Recovery from the Pumping Test 
of the Culebra Dolomite at Well H-18 Assuming Double-Porosity Conditions 
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with the transmissivity values reported by Beauheim 
(1987c), but the interpretation of a no-flow boundary 

only 58 ft from H-18 is problematic. No geologic 
reason for the existence of such a boundary in the 

vicinity of H-18 is known. H-18 lies in a region where 
weak double-porosity hydraulic behavior might be 

expected. Clear indications of double-porosity 
conditions have been observed to the north and 

northeast of H-18 at WIPP-13 (Beauheim, 1987b) and 
DOE-2 (Beauheim, 1986), whereas only single-porosity 
behavior is observed south and east of H-18 at wells 

such as H-16 and WIPP-12 (Beauheim, 1987c). The 

match between the observed H-18 recovery data and 
the double-porosity simulation cannot, however, be 

considered definitive. 

The only conclusion that can be drawn from the H-18 
pumping test is that the Culebra has a transmissivity 
between 1.0 and 2.0 ft^day at that location (Table 
5-1). Fractures were observed in the Culebra core 
from H-18, but they were largely filled with selenite 

(Mercer and Snyder, 199Gb) and appear to have little 

effect on hydraulic behavior. Single- and double- 

porosity models fit the observed test responses equally 
well. Whether or not a no-flow boundary exists in the 
Culebra near H-18 remains unresolved. 

5.3 Magenta Dolomite Member 
The Magenta Dolomite Member of the Rustler 

Formation was tested in wells H-2b1 and H-3b1. The 
objective of testing the Magenta was to confirm earlier 
estimations of transmissivity made by the USGS at the 
H-2 and H-3 hydropads (Mercer, 1983) that lacked 

complete documentation. For the test interpretations, 
the Magenta was initially assumed to have a storativ'rty 
of 1.0 x 10"5 in order to maintain consistency with 

previous work reported by Avis and Saulnier (1990). 

5.3.1 Well H-2b1. Mercer (1983) reported a 

transmissivity for the Magenta dolomite at well H-2a, 50 
ft from well H-2b1, of 0.01 ft^day. To confirm this 

value, hydraulic testing of the Magenta was performed 
at H-2b1 from April 25 to July 13,1989 (Calendar Days 
115 to 194). The casing is perforated from 510 to 538 
ft below ground surface to provide hydraulic communi¬ 
cation with the Magenta, which lies between 515 and 
540 ft deep (Figure 3-3). The lower 2 ft of the Magenta 
are not, therefore, directly connected to the well. 

The testing at well H-2b1 consisted of a slug- 
withdrawal test, a pulse-injection test, and a slug- 
injection test. On day 115, the tubing attached to the 
PIP set above the Magenta (Figure 3-3) was bailed to 
create a low-pressure condition in the well. A 

minipacker was installed in the tubing below the 
lowered water level, and inflated to allow the pressure 

beneath to build up to near static formation pressure 

before the slug-withdrawal test began. The slug- 
withdrawal test was started on day 121 by deflating the 

minipacker, and continued until day 132, when the well 

was shut-in. At that time, the pressure had recovered 
approximately 80 percent of the slug-induced 
differential. The remainder of the differential was 
recovered over the next 12 days while the well was 
shut-in. On day 144, water was added to the tubing 
and the minipacker was deflated briefly to initiate the 

pulse-injection test. After six days of recovery from the 

pulse injection, a slug-injection test was initiated on 
day 150 by deflating the minipacker and removing it 

from the well. The pressure-versus-time data 
measured using a microcomputer-controlled data- 
acquisition system for the slug-withdrawal and pulse- 
injection tests are presented in Figure 5-30. The 

depth-to-water-versus-time data measured using a 

water-level sounder for the slug-injection test are 
presented in Figure 5-31. Descriptions of the test 

instrumentation and the raw data are contained in 

Stensrud et al. (1990). 

The continued presence of transient pressure 
conditions caused by the pretest well-reconfiguration 
and development activities is apparent in the data 
shown in Figure 5-30. During the initial pretest shut-in 

period, the pressure recovered to a high of 97.7 psi 

before declining to a pressure of 96.9 psi before the 

start of the slug-withdrawal test. The pressure at the 

start of the pulse-injection test was 94.5 psi. During 
the pulse-injection test, the pressure recovered to a 

low of 93.0 psi before increasing to a pressure of 94.4 
psi at the start of the slug-injection test. Thus, the 
pressure was never fully stabilized before any of the 
individual tests were initiated. 

The pressure data from the slug-withdrawal test, the 
shut-in period, and the pulse-injection test were 
combined in a single simulation for analysis. The 
pretest pressure buildup from day 115 through day 121 

was also included in the simulation as specified 
pressure history. Figure 5-32 shows the best-fit GTFM 
simulation for the combined test data. The best-fit 
simulation was generated using a transmissivity of 2.6 
x 10'3 f^/day and a static formation pressure (at the 
depth of the transducer) of 96.0 psi. The static 

formation pressure of 96.0 psi is a best-fit estimate for 
the combined test sequence of slug-withdrawal test, 
shut-in period, and pulse-injection test. 

The GTFM simulation shown in Figure 5-32 was 
selected as the best fit that could be obtained for the 
slug-withdrawal portion of the test data. The 
simulation did not compare as well with the data 
collected during the shut-in period, or with the data 
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Figure 5-31 Linear-Linear Sequence Plot of Water-Level Data from the Slug-Injection Test 
of the Magenta Dolomite at Well H-2b1 
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Figure 5-32 Linear-Linear Plot of GTFM Simulation of the Slug-Withdrawal and Pulse- 
Injection Tests of the Magenta Dolomite at Well H-2b1 

from the pulse-injection test. A semilog plot of the 
slug-withdrawal data (normalized pressure versus 
elapsed time) and the GTFM simulation is presented in 

Figure 5-33. The simulation and the measured data 
compare well on the figure. Figure 5-34 shows a 

semilog plot of normalized pressure during the pulse- 
injection test versus elapsed time with the GTFM 

simulation. The simulation approximates the observed 
data reasonably well after the first one or two minutes 
of the test. 

The slug-injection test was initiated by deflating the 
minipacker in the tubing, allowing communication 
between the water in the tubing and the Magenta. The 
minipacker was then removed from the tubing, and 
water levels were measured with an electric water-level 
sounder for the duration of the test. The first water- 
level measurement was not made until 20 minutes after 
the minipacker had been deflated. Therefore, the 

water level at the start of the test had to be estimated. 
Based on the water-level change observed over the 
second 20 minutes of the test, the initial water level 

was estimated to be about 128 ft. 

Figure 5-35 shows the best-fit GTFM simulation of the 
slug-injection test conducted at H-2b1. The best-fit 
simulation was generated using a transmissivity of 

2.7 x 10"3 f^/day and a static water level located at 

251.0 ft. Figure 5-36 shows a semilog plot of 

normalized head versus elapsed time for the data and 
simulation. The simulation is in excellent agreement 
with the observed data when plotted in both linear- 
linear and semilog format. The initial-water-level 
estimate of 128 ft appears to be reasonably accurate. 

The sensitivity of the interpreted transmissivity to the 
assumed value of storativity of 1 x 10"5 was evaluated 
by fitting simulations of the observed data from the 
slug-injection test using storativity values an order of 
magnitude higher and lower. A semilog plot of these 
simulations is shown in Figure 5-37. The best-fit 
simulation obtained assuming a storativity of 1 x 10"4 

used a transmissivity of 2.1 x 10'3 f^/day. The best-fit 
simulation obtained assuming a storativity of 1 x 10'6 
used a transmissivity of 3.3 x 10"3 ft-/day. The 
simulation assuming a storativity of 1 x 10 fits the 
observed data better than either of the other two 
simulations until about the last 20 percent of recovery, 
when the simulation with the base-case value of 
storativity fits the data best. The simulation with the 
lower value of storativity provides the worst overall 
match to the observed data. Thus, the actual 
storativity of the Magenta dolomite around H-2b1 
probably lies between 1 x 10'4 and 1 x 10'5, while the 
transmissivity is between 2.1 x 10'3 and 2.7 x 10"3 

f^/day (Table 5-1). 
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Figure 5-34 Semilog Plot of GTFM Simulation of the Pulse-Injection Test of the Magenta 
Dolomite at Well H-2b1 
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Figure 5-35 Linear-Linear Plot of GTFM Simulation of the Slug-Injection Test of the 
Magenta Dolomite at Well H-2b1 
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Figure 5-36 Semilog Plot of GTFM Simulation of the Slug-Injection Test of the Magenta 
Dolomite at Well H-2b1 
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Figure 5-37 Semilog Plot of GTFM Simulations of the Slug-Injection Test of the Magenta 
Dolomite at Well H-2b1 Using Different Values for Storativity 

The propagation of the pressure transients created 
within the Magenta dolomite during the testing periods 

was simulated by GTFM. The calculated pressure 

responses to the pretest history period, slug-withdrawal 

test, buildup period, and pulse-injection test at radii of 

1,10, and 100 ft from H-2b1 assuming a Storativity of 

1 x 10"5 are shown in Figure 5-38. Pressure changes 

on the order of 1 psi are calculated to have occurred 

at a radial distance of 100 ft in response to the testing 
at H-2b1. The pressure recovered to within about 2 

psi of the static level between successive tests at all 

radii examined. The calculated hydraulic-head 

responses to the slug-injection test at radii of 1, 10, 

100, and 200 ft from H-2b1, again assuming a 

Storativity of 1 x 10"5, are shown in Figure 5-39. The 

maximum hydraulic-head change at a radial distance 

of 200 ft was about 0.7 ft (about 0.3 psi). Additional 
GTFM simulations show that the maximum head 

changes occurring at radial distances of 1, 10, 100, 

and 200 ft from H-2b1 during the slug-injection test 

assuming a storativtty of 1 x 10"5 would occur at radial 

distances of 0.65, 4.1, 33, and 60 ft if the Storativity 

were 1 x 10'4, and at 1.5, 25, 300, and 600 ft if the 
Storativity were 1 x 10'6. 

In summary, interpretation of the slug and pulse tests 

at H-2b1 indicates that the transmissivity of the 

Magenta is between 2.1 x 10"3 and 2.7 x 10'3 ft^day. 
These estimates are a factor of four to five lower than 

the 1 x 10"2 ft^day reported by Mercer (1983) from 
testing performed at well H-2a. The difference in the 

transmissivity estimates from H-2b1 and H-2a could be 

caused by heterogeneity within the Magenta, or by 

analytical uncertainty with respect to the interpretation 
of the H-2a test(s). 

5.3.2 Well H-3b1. Mercer (1983) reported a 

transmissivity for the Magenta dolomite at well H-3 
(now H-3b1) of 0.1 ft^day. To confirm this value, the 

Magenta dolomite was tested at well H-3b1 from July 
17 to August 4, 1989 (Calendar Days 198 to 216). At 

H-3b1, the Magenta dolomite lies between 560 and 584 
ft below ground surface. The well is hydraulically 
connected to the Magenta through casing perforations 
from 564 to 592 ft deep. The upper 4 ft of the 

Magenta are not, therefore, directly connected to the 

well. Descriptions of the testing instrumentation and 

the raw test data are given in Stensrud et al. (1990). 

The testing at well H-3b1 consisted of a pulse- 
withdrawal test, a slug-withdrawal test, and a slug- 

injection test. On day 198, the tubing attached to the 
PIP set above the Magenta (Figure 3-4) was bailed to 

create a low-pressure condition in the well. A mini- 
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Figure 5-38 Simulated Pore Pressures at Selected Radial Distances from Well H-2b1 
During the Slug-Withdrawal and Pulse-Injection Tests of the Magenta Dolomite 
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Figure 5-39 Simulated Hydraulic-Head Changes at Selected Radial Distances from Well 
H-2b1 During the Slug-Injection Test of the Magenta Dolomite 
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packer was installed in the tubing below the lowered 
water level, and inflated to allow the pressure beneath 
to build up to near static formation pressure before the 

pulse-withdrawal test began (Figure 5-40). When the 
minipacker was briefly deflated on day 200 to start the 
pulse-withdrawal test, the pressure had recovered to 
117.4 psi. Five days after the initiation of the pulse- 
withdrawal test, the pressure stabilized at 118.1 psi. 
The slug-withdrawal test was initiated on day 205 by 
deflating the minipacker. The well was shut-in at a 

pressure of 117.9 psi after approximately four days 
(day 209) of recovery. Over the next four days, the 

pressure stabilized at about 118.0 psi. Water was 
added to the tubing above the minipacker, and the 

minipacker was deflated to initiate a slug-injection test 

on day 213. The slug-injection test lasted for 

approximately three days, with a final pressure reading 
of 118.4 psi measured on day 216. 

The Initial shut-in response before the pulse-withdrawal 
test was included as history and combined with the 

pulse and slug tests to form one continuous test 

sequence for simulation. Figure 5-41 shows the best-fit 

GTFM curve generated using a transmissivity of 0.16 
fl^/day and a static formation pressure (at the depth of 

the transducer) of 118.1 psi. The pulse-withdrawal, 

slug-withdrawal, and slug-injection tests are separated 
and presented in semilog format as normalized 
pressure versus elapsed time in Figures 5-42,5-43, and 

5-44, respectively. The simulated and observed data 
for the slug and pulse tests show excellent agreement 
on the semilog plots. 

The sensitivity of the interpreted transmissivity to the 

assumed value of storativity of 1 x 10'5 was evaluated 

by fitting simulations of the observed data from the 
slug-injection test using storativity values an order of 

magnitude higher and lower. A semilog plot of these 

simulations is shown in Figure 5-45. The best-fit 

simulation obtained assuming a storativity of 1 x 10'4 

used a transmissivity of 0.12 ft2/day. The best-fit 

simulation obtained assuming a storativity of 1 x 10"6 

used a transmissivity of 0.20 fl^/day. The simulation 

assuming a storativity of 1 x 10"5 (Figure 5-44) appears 
to match the observed data slightly better than either 

of the other two simulations, although all three 
simulations are similar. Thus, the actual storativity of 

the Magenta dolomite around H-3b1 is probably about 
1 x 10"5 plus or minus about half an order of 

magnitude, while the transmissivity is about 0.14 to 

O.^fl^/dayCTab^-l). 
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Figure 5-40 Linear-Linear Sequence Plot of Pressure Data from the Pulse and Slug Tests 
of the Magenta Dolomite at Well H-3b1 
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Figure 5-41 Linear-Linear Plot of GTFM Simulation of the Pulse and Slug Tests of the 
Magenta Dolomite at Well H-3b1 
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Figure 5-42 Semilog Plot of GTFM Simulation of the Pulse-Withdrawal Test of the Magenta 
Dolomite at Well H-3b1 

41 



10-2 10-' 
ELAPSED TIME (days) 

Figure 5-43 Semilog Plot of GTFM Simulation of the Slug-Withdrawal Test of the Magenta 
Dolomite at Well H-3b1 
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Figure 5-44 Semilog Plot of GTFM Simulation of the Slug-Injection Test of the Magenta 
Dolomite at Well H-3b1 
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Figure 5-45 Semilog Plot of GTFM Simulations of the Slug-Injection Test of the Magenta 
Dolomite at Well H-3b1 Using Different Values for Storativity 

The propagation of the pressure transients created 
within the Magenta dolomite during the testing periods 
was also simulated using GTFM. The calculated 

pressure responses to the pretest history period, 
pulse-withdrawal test, slug-withdrawal test, and slug- 
injection test at radial distances of 1,10,100, and 200 
ft from H-3b1 assuming a storatlvity of 1 x 10"5 are 
shown in Figure 5-46. Pressure changes on the order 
of 0.6 psi are calculated to have occurred at a radial 

distance of 200 ft in response to the testing at H-3b1. 
The pressure recovered to its static level between 
successive tests at all radii examined. Additional 

GTFM simulations show that the maximum pressure 

changes occurring at radial distances of 1, 10, 100, 
and 200 ft from H-3b1 during the slug-injection test 

assuming a Storativity of 1 x 10'5 would occur at radial 

distances of 0.65, 4.1, 33, and 64 ft if the Storativity 
were 1 x 10"4, and at 1.5, 25, 310, and 630 ft if the 

Storativity were 1 x 10'6. 

In summary, interpretation of the slug and pulse tests 
of the Magenta at H-3b1 provided a transmissivity 
estimate of 0.14 to 0.18 ft^day. This range of values 
is higher than the value of 0.1 ft^/day reported by 
Mercer (1983), but the difference is not significant from 
the standpoint of regional-scale modeling of 

groundwater flow. 

5.4 Forty-niner Member at Well H-3d 
Hydraulic testing of the Forty-niner Member of the 

Rustler Formation was performed in well H-3d. The 

Forty-niner Member is composed of two anhydrite/ 
gypsum units separated by a claystone layer. The test 
interval in H-3d included the full thickness of the 

claystone between 536 and 546 ft deep, 18 ft of 

overiying anhydrite/gypsum, and 8 ft of underlying 
anhydrite/gypsum (Figure 3-5). From previous testing 
at H-14, the anhydrite/gypsum units have been shown 
to not contribute significantly to the fluid-pressure 
responses observed during testing of the Forty-niner 
(Beauheim, l987c). Consequently, the responses 

observed during the testing in H-3d are assumed to be 

representative only of the Forty-niner claystone. For 
the test interpretations, a Storativity of 1.0 x 10"5, 

consistent with that used by Beauheim (l987c), was 
initially assumed for the Forty-niner claystone. 

The Forty-niner claystone was tested during the period 
of June 21 to October 3, 1989 (Calendar Days 172 to 
276). The testing consisted of a pulse-withdrawal test, 
a pulse-injection test, and a slug-withdrawal test. On 
day 172, the tubing attached to the PIP set in the 

upper Forty-niner anhydrite (Figure 3-5) was bailed to 

create a low-pressure condition in the well. A 

minipacker was installed in the tubing below the 
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Figure 5-46 Simulated Pore Pressures at Selected Radial Distances from Well H-3b1 

During the Pulse and Slug Tests of the Magenta Dolomite 

lowered water level, and inflated to allow the pressure 
beneath to build up to near static formation pressure. 
A pulse-withdrawal test was Initiated on day 177 by 
deflating the minipackerfor about one minute. On day 
180, fluid was added to the tubing above the mini- 

packer, and the minipacker was deflated briefly to 
initiate a pulse-Injection test. The early data from the 

pulse-injection test (Figure 5-47) indicated that the 

packer may have repositioned during reinflation, 

causing the pressure to recover too quickly. 
Therefore, the test was terminated on day 181. The 

pulse-injection test is not considered to be a valid test 

(Stensrud et al., 1990) and was not analyzed. 

On day 188, the minipacker was deflated and removed, 
the tubing was bailed, and the minipacker reinstalled 

and inflated in preparation for the slug-withdrawal test. 

However, due to a faulty transducer the minipacker 
had to be removed. A new transducer was installed 

with the minipacker on day 194. After a pressure 
build-up of approximately four days, the minipacker 

was deflated and removed to initiate the slug- 

withdrawal test on day 198. The pressure-versus-time 
data measured using a microcomputer-controlled data- 
acquisition system for the pulse-withdrawal and pulse- 

injection tests are presented in Figure 5-47. The 

depth-to-water-versus-time data measured using a 

water-level sounder for the slug-withdrawal test are 
presented in Figure 5-48. Descriptions of the testing 

instrumentation and the raw test data are contained in 

Stensrud et al. (1990). 

The best-fit GTFM simulation of the slug-withdrawal 

test is shown in Figure 5-49. This simulation was 
generated using a transmissivity of 4.0 x 10"3 ft^/day 
and a static water level located at a depth of 314 ft. 

Figure 5-50 presents a semilog plot of normalized 

hydraulic head versus elapsed time for the slug- 

withdrawal simulation. The simulated response and 

observed data show excellent agreement in both the 

linear-linear and semilog plots. 

The sensitivity of the interpreted transmissivity to the 

assumed value of storativity of 1 x 10'5 was evaluated 

by fitting simulations of the observed data from the 

slug-withdrawal test using storativity values an order of 

magnitude higher and lower. A semilog plot of these 

simulations is shown in Figure 5-51. The best-fit 

simulation obtained assuming a storativity of 1 x 10"4 

used a transmissivity of 3.0 x 10'3 ft^day. The best-fit 

simulation obtained assuming a storativity of 1 x 10"6 

used a transmissivity of 5.0 x 10"3 ft^/day. The 

simulation assuming a storativity of 1 x 10"5 (Figure 
5-50) fits the observed data better than either of the 
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Figure 5-50 Semilog Plot of GTFM Simulation of the Slug-Withdrawal Test of the Forty- 
niner Claystone at Well H-3d 
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Figure 5-51 Semilog Plot of GTFM Simulations of the Slug-Withdrawal Test of the Forty- 
niner Claystone at Well H-3d Using Different Values for Storativity 

other two simulations. Thus, the actual Storativity of 

the Forty-niner claystone around H-3d is probably 
about 1 x 10"5 plus or minus perhaps half an order of 

magnitude, while the transmissivity is about 3.5 x 10'3 

to 4.5 x 10'3 f^/day (Table 5-1). 

Figures 5-52 and 5-53 show simulations of the pulse- 
withdrawal test in linear-linear and semilog format 

using the transmissivity derived from the slug-test 

analysis and a static formation pressure of 97.5 psi. 
The solid lines on the figures represent a simulation 

using the same Storativity (1 x 10'5) and test-zone 
compressibility (2.4 x 10"6 psi"1) as were used in the 

slug-test interpretation. This simulation shows 

recovery occurring much faster than was actually 

observed. The semilog plot (Figure 5-53) in particular 

shows that the simulation does not match the data 

very well. 

The pulse-withdrawal test occurred with the well shut 

in. Pressure responses under shut-in conditions are 
highly sensitive to test-zone compressibility. With a 

perfectly rigid packer system, the compressibility of the 
test zone would simply be the compressibility of the 

water in the well. Packer systems are never perfectly 
rigid, however. They typically deform slightly in 

response to external pressure changes, a process 

referred to as compliance. Neuzil (1982) and Hsieh et 

al. (1983) reported test-zone compressibilities five to 

six times greater than that of water during 
pressure-pulse testing, and attributed these high 

compressibilities to test-tool compliance. 

By increasing the test-zone compressibility by a factor 

of 18 from that estimated for the water (brine) in the 

well, and decreasing the formation Storativity by an 

order of magnitude, while maintaining the same 
transmissivity and static formation pressure, a better fit 

between the pulse-test data and a GTFM simulation 

(dashed lines on Figures 5-52 and 5-53) was obtained. 
Storativity could be as low as the value of 1.0 x 10'6 

used in the simulation, but the indicated test-zone 
compressibility appears to be unreasonably high. 
Without a high test-zone compressibility, however, no 
simulation of the pulse test fit the observed data well. 

The pulse-test interpretation remains problematic. 

The propagation of the pressure transients created 
within the Forty-niner claystone during the slug- 
withdrawal test was simulated by GTFM. The 
calculated changes in hydraulic head at radial 

distances of 1, 10, 30, and 150 ft from H-3d assuming 
a Storativity of 1 x 10'5 are shown in Figure 5-54. The 

maximum calculated hydraulic-head change at a radial 
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Figure 5-54 Simulated Hydraulic-Head Changes at Selected Radial Distances from Well 

H-3d During the Slug-Withdrawal Test of the Forty-niner Claystone 

distance of 150 ft was about 1.2 ft (about 0.6 psi). 
Additional GTFM simulations show that the maximum 
drawdowns occurring at radial distances of 1, 10, 30, 
and 150 ft from H-3d during the slug-withdrawal test 

assuming a storativity of 1 x 10"5 would occur at radial 

distances of 0.7, 4.1, 10.8, and 50 ft if the storativity 

were 1 x 10'4, and at 1.5, 24, 85, and 450 ft if the 

storativity were 1 x 10"6. 

In summary, interpretation of the slug test of the 

Forty-niner claystone at well H-3d provided a 

transmissivity estimate of 3.5 x 10'3 to 4.5 x 10'3 

ft^day. The interpretation of the pulse test at H-3d was 
inconclusive. 
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6. SUMMARY AND CONCLUSIONS 

In 1988 and 1989, hydraulic tests of four members of 

the Rustler Formation were conducted in seven wells. 

The tests were intended to provide data on the 

transmissivities of the Rustler members for use in 

regional-scale modeling of groundwater flow through 
the Rustler. The types of tests performed included 

pressure-pulse (both Injection and withdrawal), slug 
(both injection and withdrawal), and pumping tests. 

The computer code GTFM was used to simulate the 

tests performed in six of the wells. The GTFM 

simulations of the slug-withdrawal test at well H-16 
provided a transmissivlty estimate between 2.1 x 10'4 

and 3.0 x 10'4 fl^/day for the unnamed lower member 
siltstone. Simulations of the slug tests of the Culebra 
dolomite provided transmissivity estimates between 

0.16 and 0.20 f^/day at well AEC-7, and between 1.9 
and 2.5 fl^/day at well D-268. Simulations of the slug 
and pressure-pulse tests of the Magenta dolomite at 
wells H-2b1 and H-3b1 provided transmissivity 

estimates of 2.1 x 10"3 to 2.7 x 10'3 fl^/day and 0.14 to 

0.18 fl^/day, respectively. GTFM simulations of the 

slug and pressure-pulse tests of the Forty-niner 
claystone at well H-3d provided an estimated 
transmissivity of 3.5 x 10"3 to 4.5 x 10'3 f^/day. The 
radii of influence of the tests, as simulated by GTFM, 
ranged from about 50 to 300 ft. 

Two of the AEC-7 slug tests and one of the D-268slug 
tests were also Interpreted using a type-curve-matching 
procedure based on the analytical solution of Cooper 
et al. (1967). This type-curve-matching procedure had 

previously been used by Mercer et al. (1981), Dennehy 
(1982), Dennehy and Mercer (1982), and Beauheim 

(1986, 1987c, 1989) to interpret other slug tests 

performed at the WIPP site. The transmissivities 

interpreted from the AEC-7 tests using type curves 

were 20 to 35 percent higher than the maximum 

transmissivity determined using GTFM. The 

transmissivity interpreted from the D-268 test using a 

type curve was within the uncertainty bounds of the 
GTFM transmissivity determination. 

The computer code lnterpret/2 was used to analyze a 

pumping test of the Culebra dolomite performed at well 

H-18. The results of the analysis are ambiguous in that 

the test responses are equally representative of a 

single-porosity medium having a transmissivity of 2.0 
fl^/day and a no-flow boundary 58 ft from H-18, and of 

a double-porosity medium with a transmissivity of 1.0 
fl^/day and no apparent boundaries. 

The pressure-pulse tests considered in this report 

proved to be difficult to interpret. The technique 

employed to perform the tests involved briefly deflating 
and then reinflating a small-diameter minipacker 

suspended on a wireline inside well tubing to transmit 
a pressure pulse to the test interval. This technique 
did not allow measurement of the amount of water that 

moved into or out of the test interval in association 
with the pulse, precluding calculation of the 

compressibility of the test interval. Error in the value 
of test-interval compressibility used in pulse-test 

analysis results in linearly proportional error in 

transmissivity (Neuzil, 1982). Anomalous pressure 

responses observed during some of the pulse tests 

also indicated a potential problem with the minipacker 
repositioning between deflation and reinflation, 

resulting in movement of the transducer monitoring 

pressures. If additional pressure-pulse tests of Rustler 

members were to be performed, testing equipment and 

procedures would need to be modified to correct these 
problems. 
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NOTATION 

d distance to a boundary 
h thickness of tested unit 

p* static formation pore pressure 

p; initial pressure for a test period 
r radial distance from well 

rg radius of casing 

r, radius of tubing 
s wellbore skin 

t time match for slug-test type curvfe 

tg start time for a test period 

BGS below ground surface 
C wellbore-storage coefficent 

Cp dimensionless wellbore-storage coefficient 
Cpe25 pumping-test type-curve parameter 

C^ test-zone compressibility 

C^ compressibility of water 
D* static depth to water 

D, initial depth to water for a test period 
H head difference 

HQ head difference at the start of a slug test 

L length of tested interval 

P pressure difference 

PI pulse injection 
PM pressure match 

PW pulse withdrawal 

PO pressure difference at the start of a slug or pulse test 

S storativity 
Sl slug injection 
SW slug withdrawal 
T transmissivity 
TM time match 

a r^S/r,2 (slug-test type-curve parameter) 
P "I't/'t2 (slug-test type-curve parameter) 
\ interporosity flow coefficient 

(o storativity ratio 

Subscripts: 

f fractures 

m matrix 
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APPENDIX A 

ANALYSIS AND INTERPRETATION OF HYDRAULIC-TEST DATA 
USING THE WELL-TEST-SIMULATION MODEL GTFM 

Interpretation of the single-well hydraulic tests 

presented in this report utilized the well-test-simulation 

model GTFM. The GTFM model was developed based 

on graph-theoretical-field-modeling techniques. 
Detailed documentation on the governing equations, 

theoretical development, and verification is presented 

in Grisak et al. (1985) and Pickens et al. (1987). A 

brief explanation of model discretization, 

implementation, and boundary conditions is presented 

below. 

A.1 Model Description 
The Graph-Theoretic Field Model (GTFM) constitutes a 

generalized methodology for modeling the behavior of 

field- or continuum-type problems. GTFM is based 

upon linear graph theory, continuum mechanics, and 

a spatial discretization procedure. Savage and 

Kesavan (1979) present generalized descriptions of the 

methodology. 

GTFM is a numerical model that simulates the 

hydraulic response of a single-phase, one-dimensional, 

radial-flow regime to boundary conditions applied at a 

borehole located at the center of the modeled flow 

system. The problem domain is discretized by dividing 

the radial-flow system into a series of concentric rings 

centered on the borehole, with each ring represented 

by a node. A constant multiplicative factor is used to 

increase the spacing between nodes with increasing 

distance from the origin (borehole). The model 

assumes that the formation has a constant thickness 

with vertically homogeneous hydraulic properties. 

Formations may be single or double porosity, and may 
include a single radially centered heterogeneity to 

simulate the presence of a "skin" zone adjacent to the 

borehole. The skin zone may have properties different 

from those of the remainder of the formation. 

The GTFM model can be used with assigned 

conditions of either fixed pressure or zero flow at the 

external boundary of the model. Selection between 

the two boundary conditions is made on a test-specific 

basis, depending on whether or not the test data show 

boundary effects. If no boundary effects are indicated 

by the test data, a fixed-pressure boundary condition 

is specified at a distance from the borehole such that 

the type of boundary has no effect on the calculated 

fluid-pressure or water-level response in the borehole. 

The adequacy of the specified distance is verified by 

ensuring that the pressure in the portion of the 

simulated formation adjacent to the boundary does not 

change over the duration of the test-interpretation 

simulation. In cases where boundary effects are 

indicated, the type of, and distance to, the boundary 

are parameters selected and fitted as part of the test 

interpretation. 

The model has wellbore boundary conditions which 

can be used to simulate pulse-injection/withdrawal 

tests, specified borehole-pressure conditions, specified 

formation-flow rates, and slug-injection/withdrawal 

tests. The effects of consecutive tests are 

incorporated in the simulations. The model can also 

incorporate test-zone pressure changes resulting from 

temperature variations in the test zone as well as test- 

equipment- and/or formation-induced changes in the 

test-zone volume. The model output consists of 

simulated fluid-pressure responses in the borehole and 

at selected radial distances from the borehole. The 

model can also calculate formation-flow rates and 

cumulative production based on the formation's 

estimated hydraulic properties. 

The individual testing periods for each borehole are 

subdivided into discrete time intervals, called 

sequences. Sequences are differentiated by the 

wellbore boundary conditions in effect during these 

time periods. History sequences are used to represent- 
the test interval's pretest borehole-pressure history 

during the open-borehole period between drilling and 
initial shut-in of the test zone, and also to represent 

time periods when non-ideal behavior characterized 
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the fluid-pressure responses. Under these conditions, 

the pressure conditions in the isolated test intervals are 

specified directly using the fluid pressures recorded by 
the data-acquisition instrumentation. Pulse sequences 

are used to simulate the fluid-pressure buildups 

observed after shutting in the test zones and also the 

fluid-pressure-recovery responses to individual pulse- 

injection and pulse-withdrawal tests. 

A.2 Verification 
GTFM has been verified by comparing its results to 

analytical solutions for constant-flow-rate pumping 

tests, slug tests, and pulse tests. Verification was 

achieved through graphical comparison of simulation 

results to those generated by the analytical solutions. 

The GTFM and analytical-solution results showed 

excellent agreement for all cases (Grisak et al., 1985, 

and Pickens et al., 1987). 

A.2.1 Pumping-Test Sequence. Correct 

simulation of pumping-test sequences was verified by 
comparing observation files produced by GTFM to 

data computed using the analytical solution published 

by Theis (1935). The solution allows calculation of 

hydraulic head at a fixed radius and varying times or 

at a fixed time and varying radii for a line-source well 

with a constant-flow-rate boundary condition at the 

well. The tine-source well was simulated by GTFM as 

a well of radius 0.01 m. Observation files were 

generated at a distance of 10.0 m. This was felt to be 

sufficiently distant from the well to avoid any boundary 

effects introduced by the finite-radius well. 

Simulations were performed for two transmissivrty (T) 

and three storativity (S) values in order to provide 

results for a range of conditions. Figure A-1 shows the 

comparison between the simulated and analytical 

results. 

25000 50000 
TIME (Seconds) 

75000 

Figure A-1 Verification of GTFM by Comparison to Theis (1935) Analytic Solution for 
Pumping Tests 
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A.2.2 Slug-Test Sequence. Verification of a 

slug-test-sequence simulation was accomplished by 

comparing wellbore sequence files produced by GTFM 

to data computed using the analytical solution 

published by Cooper et al. (1967). The solution 

calculates pressure in a well subjected to a slug 

stimulus. 

A.2.3 Pulse-Test Sequence. Pulse-test- 

sequence simulation verification was accomplished by 

comparing GTFM results to data computed using the 

analytical solution published by Bredehoeft and 

Papadopulos (1980). The solution calculates pressure 

in an isolated test section subjected to a pulse 

stimulus. 

A total of six simulations were performed for 

combinations of three transmissivities and two 

storativities. Results of the Comparison are given in 

Figure A-2. 

Two values of storativity and three transmissivities were 

simulated. Figure A-3 gives the results of the 

comparison. Slight anomalies in the analytic-solution 

results for T = 
10"12 n^/s with S = 

10"6 and for T = 

10'11 rr^/s with S = 
10"6 are due to minor oscillations 

in the Laplace inversion routine used in the numerical 

implementation of the analytical solution of Bredehoeft 

and Papadopulos (1980). 

25000 50000 
TIME (Seconds) 

75000 

Figure A-2 Verification of GTFM by Comparison to Cooper et al. (1967) Analytic Solution 
for Slug Tests 
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25000 50000 75000 
TIME (Seconds) 

Figure A-3 Verification of GTFM by Comparison to Bredehoeft and Papadopulos (1980) 
Analytic Solution for Pulse Tests 
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