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CONVERSION FACTORS AND VERTICAL DATUM

Muitiply Inch-pound unit By To obtaln metric unit
cubic foot per day (ft>/d) 2.832x 102 cubic meter per day
foot .3048 meter
foot per day (ft/d) 3048 meter per day
foot squared per day (fi%/d) 9.290 X 102 meter squared per day
gallon (gal) 3.7854 liter
gallon per minute (gal/min) 6.309 X 102 liter per second
inch (in.) 2.54 centimeter
inch of mercury (in. of mercury) 3453 meter of water
mile 1.6093 kilometer
millidarcy (mD) 9.87 x 10°12 square centimeter
minute per square foot (min/fi?) 10.76 minute per square meter
pound per square inch (Ib/in.2) 6.895 Kilopascal
reciprocal foot (ft!) 3.2808 reciprocal meter
square foot (ft2) 9.290 x 102 square meter

Degree Fahrenheit (°F) may be converted to degree Celsius (°C) by using the following equation:
°C=5/9 (°F-32).

Sea level: Altitudes in this report are referenced to the National Geodetic Vertical Datum of 1929 (NGVD of 1929), a geodetic datum derived
from a general adjustment of the first-order level nets of the United States and Canada, formerly called the Sea Level Datum of 1929.
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Results and Interpretation of Preliminary Aquifer Tests in
Boreholes UE-25c¢ #1, UE-25¢ #2, and UE-25c #3,
Yucca Mountain, Nye County, Nevada

By Arthur L. Geldon

Abstract

Pumping and injection tests conducted in
1983 and 1984 in boreholes UE-25¢ #1,
UE-25c¢ #2, and UE-25c¢ #3 (the c-holes) at Yucca
Mountain, Nevada, were analyzed with respect to
information obtained from lithologic and borehole
geophysical logs, core permeameter tests, and
borehole flow surveys. The three closely spaced
c-holes, each of which is about 3,000 feet deep, are
completed mainly in nonwelded to densely
welded, ash-flow tuff of the tuffs and lavas of
Calico Hills and the Crater Flat Tuff of Miocene
age. Below the water table, tectonic and cooling
fractures pervade the tuffaceous rocks but are dis-
tributed mainly in 11 transmissive intervals, many
of which also have matrix permeability. Although
steep to vertical, south-striking (west dipping)
fractures predominate in rocks penetrated by the
c-holes, fractures in transmissive intervals gener-
ally are oriented diversely. From the water table,
at depths between 1,312 and 1,320 feet, to a depth
of 1,700 feet, transmissive intervals are uncon-
fined; transmissive intervals between 1,800 and
2,700 feet respond to pumping as fissure-block or
nonleaky, confined aquifers; below 2,700 feet,
transmissive intervals are recharged by water
released from faults that have offset and brecciated
the rocks in these intervals. Miocene tuffaceous
rocks and Paleozoic carbonate rocks at the c-hole
complex appear to be connected hydraulically.

Heat-pulse flowmeter surveys indicate a
change from generally small, downward to large,
upward flow with depth, that is disrupted by
pumping. Flow from unconfined to confined inter-
vals occurs in response to hydraulic gradients
established during pumping tests. Diverse aquifer
tests consistently indicate layered heterogeneity
and the dependence of calculated hydrologic prop-
erties on the volume of aquifer being tested. For

the entire thickness of rocks penetrated by the test
holes, cross-hole pumping and injection tests
indicated transmissivity between 20,000 and
35,000 feet squared per day; storativity between
0.002 and 0.004; horizontal hydraulic conductivity
between 30 and 40 feet per day; and vertical
hydraulic conductivity between 2 and 5 feet per
day.

INTRODUCTION

Information contained in this report is presented
as part of ongoing investigations by the U.S. Geologi-
cal Survey (USGS) regarding the hydrologic and geo-
logic suitability of Yucca Mountain, Nevada, as a
potential site for the storage of high-level nuclear waste
in an underground mined geologic repository. This
investigation was conducted in cooperation with the
U.S. Department of Energy under Interagency Agree-
ment DE-AI08-78ET44802, as part of the Yucca
Mountain Site Characterization Project.

Purpose and Scope

This report presents previously unpublished syn-
theses of geologic and hydrologic data from boreholes
UE-25c¢ #1, UE-25c #2, and UE-25c #3 (collectively
called the c-holes) and descriptions, analyses, and
interpretations of fluid-injection and withdrawal tests
conducted in the c-holes. These tests were conducted
between September 1983 and December 1984 to
(1) help develop a conceptual model of the ground-
water system at the c-hole complex; (2) provide arange
in hydrologic properties for the rocks in tested intervals
based on multiple analytical solutions applied to aqui-
fer test data; and (3) provide information for designing
hydraulic-stress tests and tracer tests within constraints
imposed by initial test analyses. Analysis and interpre-
tation of the preliminary aquifer tests at the c-holes
were aided by published and unpublished data obtained
between April 1985 and December 1992 that are listed

Abstract 1



in table 1. Interpretations presented in this report
should be considered tentative and subject to change,
as optimally designed hydraulic-stress and tracer tests
are conducted and analyzed. This report updates some
hydrogeologic information and corrects some errone-
ous information about aquifer tests in U.S. Geological
Survey Water-Resources Investigations Report
92-4016 (Geldon, 1993).
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PHYSICAL SETTING

Boreholes UE-25¢ #1, UE-25¢ #2, and
UE-25c¢ #3 are located in Nye County, Nevada, just east
of the western boundary of the Nevada Test Site,
approximately 90 miles northwest of Las Vegas. The
c-holes are in the channel of an ephemeral stream that
cuts through Bow Ridge parallel to and east of the main
part of Yucca Mountain. The c-holes, other boreholes
referred to in this report, and the potential high-level
nuclear waste repository site are shown in figure 1.
Yucca Mountain is situated in the arid Basin and Range
physiographic province of the southwestern United
States. Typical of the Basin and Range, the area around
Yucca Mountain is characterized by narrow, predomi-
nantly northerly aligned mountain ranges separated by
broad, alluvial basins (Frizzell and Shulters, 1990).

Borehole Construction

Boreholes UE-25c¢ #1, UE-25¢ #2, and
UE-25c #3 are 100 to 251 ft apart at the land surface
(fig. 2). Lines connecting the boreholes delineate a tri-
angle with an area of 11,050 ft>. Because of borehole
drift during drilling (fig. 2), interborehole distances at

depth vary substantially from distances at the surface.
For example, average horizontal distances between
intervals monitored in some of the pumping tests con-
ducted in the c-holes range from 92 to 280 ft (table 2).
Cumulative borehole drift in a vertical plane for each of
the c-holes was less than a foot. As a result, measured
depths to features within the c-holes did not require a
true-depth correction for the purposes of this report.

Borehole UE-25¢ #1 was completed in
September 1983 (Fenix and Scisson, Inc., 1986). The
top of the borehole is at an altitude of 3,709.28 ft
(Grady O’Brien, U.S. Geological Survey, written com-
mun., 1993). As indicated by television (TV) and cal-
iper logs listed in table 1, casing and concrete extend
1,371 ft below the top of the borehole. The open part
of the borehole was rotary-drilled with a 14.75-in.-
diameter bit through the bottom of the concrete to a
depth of 1,511 ft and a 9.875-in.-diameter bit from
1,511 to 2,990 ft. The borehole was cored with an
8.75-in.-diameter bit from 2,990 to 3,000 ft. Caliper
logs indicate that the borehole walls are very irregular
(plate 1). TV and caliper logs indicate that the bottom
of the borehole has collapsed substantially since the
borehole was completed. The bottom of the borehole
was at a depth of 2,994 ft in September 1983, 2,962 ft
in November 1983, and 2,945 ft in December 1990.

Borehole UE-25c¢ #2 was completed in
February 1984 (Fenix and Scisson, Inc., 1986). The
top of the borehole is at an altitude of 3,715.25 ft
(Grady O’Brien, U.S. Geological Survey, written com-
mun., 1993). As indicated by TV and caliper logs
listed in table 1, casing and concrete extend 1,365 ft
below the top of the borehole. The open part of the
borehole was rotary-drilled with a 14.75-in.-diameter
bit through the bottom of the concrete to a depth of
1,515 ft and a 9.875-in.-diameter bit from 1,515 to
3,000 ft. Caliper logs indicate that the borehole walls
are very irregular (pl. 2). In figure 3, a close relation-
ship is shown between the location of open, near verti-
cal to vertical (dip 70°-84°), southerly and
northwesterly striking fractures and an enlarged, rug-
ose section of borehole UE-25¢ #2. TV and acoustic
televiewer logs in the c-holes indicate that prominent
fractures with other orientations, partings at contacts
between geologic units, and drilling-induced slough-
ing, also, are associated with enlargement and rugosity
in the c-holes. TV and caliper logs indicate that the
bottom of borehole UE-25¢ #2 has collapsed slightly
since completion. The bottom of the borehole was at a
depth of 2,999 ft in February 1984, 2,990 ft in August
1984, and 2,986 ft in June 1992.

Borehole UE-25c¢ #3 was completed in
April 1984 (Fenix and Scisson, Inc., 1986). The top of
the borehole is at an altitude of 3,715.25 ft

2 Results and Interpretation of Preiiminary Aquifer Tests in Borehoies UE-25¢ #1, UE-25¢ #2, and UE-25c¢ #3, Yucca Mountain,
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Table 1. Information collected at the c-hole complex for determination of rock hydrologic properties’

Information Source Dates obtained
Borehole UE-25¢ #1
Caliper logs Birdwell 09/18/83
Atlas Wireline Services 12/11/90
USGS 12/10/91
Gyroscopic (borehole deviation) survey Eastman 09/18/83
Resistivity logs Birdwell 09/20/83
Temperature logs (nonpumping) Birdwell 09/20/83
USGS 12/09/91
Miscellaneous geophysical logs Nelson and others (1991) 08/21/83-11/20/83
Tracejector survey (pumping) Gearhart-Owen 09/29/83
Television logs Westech 09/17/83-11/18/83
Acoustic televiewer log Richard K. Waddell (USGS, written commun., 1984) 10/31/83
Lithologic log Richard E. Spengler (USGS, written commun., 1984) 2/84
Core permeability analyses (9) Holmes and Narver, Inc. 03/14/84
Pumping tests (2) USGS, assisted by REECo 09/27/83-10/02/83
Falling-head (slug) tests (16) USGS, assisted by TAM International 10/06/83-10/12/83
Pressure-injection tests (9) USGS, assisted by TAM International 10/08/83-10/12/83
Heat-pulse flowmeter survey (nonpumping) Frederick L. Paillet (USGS, written commun., 1992) 12/12/91
Static water levels, atmospheric pressure, and Galloway and Rojstaczer (1988) 02/23/86-04/21/86
barometric efficiency
Borehole history Fenix and Scisson, Inc. (1986) 08/10/83-02/01/85
Borehole UE-25¢ #2
Caliper logs Birdwell 02/28/84
Birdwell 08/23/84
Atlas Wireline Services 12/11/90
USGS 12/14/91
Gyroscopic (borehole deviation) survey Sperry-Sun 02/27/84
Resistivity logs Birdwell 02/28/84
Temperature logs (nonpumping) Birdwell 02/28/84
USGS 12/14/91
Miscellaneous geophysical logs Nelson and others (1991) 01/27/84-02/29/84
Tracejector survey (pumping) Gearhart-Owen 03/12/84
Television logs Westech 02/08/84-04/13/84
Barbour Well Surveying Corporation 06/02/92
Acoustic televiewer logs Richard K. Waddell (USGS, written commun., 1984) 02/27/84
USGS 12/14/91
Lithologic log Richard E. Spengler (USGS, written commun., 1984) 03/84
Core permeability analyses (3) Alan L. Flint (USGS, written commun., 1993) 12/92
Pumping test USGS, assisted by REECo 03/07/84-03/18/84
Constant-flux injection test USGS, assisted by REECo 10/30/84
Heat-pulse flowmeter survey (nonpumping) Frederick L. Paillet (USGS, written commun., 1992) 12/16/91
Static water levels, atmospheric pressure and Galloway and Rojstaczer (1988) 02/23/86-04/21/86
barometric efficiency
Fenix and Scisson, Inc. (1986) 01/09/84-06/27/85

Borehole history

PHYSICAL SETTING
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Table 1. Information collected at the c-hole complex for determination of rock hydrologic properties' --Continued

Information Source Dates obtained
Borehole UE-25¢ #3
Caliper logs Birdwell 04/27/84
Birdwell 03/21/85
Atlas Wireline Services 12/11/90
USGS 12/13/91
Gyroscopic (borehole deviation) survey Sperry-Sun 04/26/84
Resistivity logs Birdwell 04/30/84
Temperature logs (nonpumping) Birdwell 04/30/84
USGS 12/31/91
Miscellaneous geophysical logs Nelson and others (1991) 03/28/84-04/30/84
Tracejector survey (pumping) Gearhart-Owen 05/07/34
Television logs Westech 04/13/84
Barbour Well Surveying Corporation 06/02/92
Acoustic televiewer logs Richard K. Waddell (USGS, written commun., 1984) 04/27/84
USGS 12/1391
Lithologic log Richard E. Spengler (USGS, written commun., 1984) 05/84
Core permeability analyses (8) Alan L. Flint (USGS, written commun., 1993) 12/92
Pumping tests
First test USGS, assisted by REECo 05/14/84-06/12/84
Second test USGS, assisted by REECo 10/30/84—12/09/84
Heat-pulse flowmeter survey (nonpumping) Frederick L. Paillet (USGS, written commun., 1992) 12/15/91
Static water levels, atmospheric pressure and Galloway and Rojstaczer (1988) 02/23/86-04/21/86
barometric efficiency
Borehole history Fenix and Scisson, Inc. (1986) 03/20/84-06/27/85
Boreholes near the c-holes
Core permeability analyses
UE-25b #1 (12) Lobmeyer and others (1983) unknown
USW H-1 (15) Rush and others (1983) unknown
USW G-3 (22) Philip Nelson (USGS, written commun., 1992) unknown
USW G4 (20) Philip Nelson (USGS, written commun., 1992) unknown
TAny use of trade names in this report is for descriptive purposes only and does not imply endorsement by the U.S. Geological
Survey.
4 Resuits and interpretation of Preliminary Aquifer Tests in Boreholes UE-25¢ #1, UE-25c¢ #2, and UE-25¢ #3, Yucca Mountain,
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Figure 6. Relation of vertical to horizontal matrix permeability in core samples from the tuffs and lavas of
Calico Hills and Crater Flat Tuff in the c-holes and nearby boreholes.

Heat-Pulse Flowmeter Surveys

Heat-pulse flowmeter surveys were conducted
in each of the c-holes in December 1991 by
Alfred E. Hess and Frederick L. Paillet of the USGS
Borehole Geophysics Research Project to identify
zones of intraborehole flow under natural hydraulic
gradients (undisturbed by pumping or drilling). As
described by Hess (1990), the method used involves
lowering the flowmeter probe by cable to intervals of a
borehole previously identified by fracture (television
and acoustic televiewer) logs, caliper logs, and temper-
ature logs as possibly transmissive intervals. Measure-
ments are made with the probe above and below an

interval of interest. A packer is inflated above the
probe to restrict the measurement to the depth of inter-
est. The flow measurement is made by releasing a heat
pulse from an open grid of resistance wire and timing
the movement of the heat pulse to sensors located at
equal distances above and below the heat source. A
positive deflection on a strip-chart recording of heat-
pulse transit time indicates movement of the heat pulse
to the upper sensor and, hence, upward intraborehole
flow. A negative deflection on a strip-chart recorder
indicates movement of the heat pulse to the lower sen-
sor and, hence, downward intraborehole flow. Heat-
pulse transit time is converted to flow rate by an empir-
ically derived calibration equation for the probe.

12 Results and Interpretation of Preliminary Aquifer Tests in Boreholes UE-25¢ #1, UE-25¢ #2, and UE-25¢ #3, Yucca Mountain,
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Heat-pulse flowmeter surveys indicated dis-
tinctly different patterns of intraborehole flow in each
of the c-holes (pls. 1-3). In borehole UE-25c #1, the
flow fluctuated slightly but remained less than
0.09 gal/min and downward from 1,505 to about
2,520 ft. Below about 2,520 ft, the intraborehole flow
became upward. The upward flow increased from
0 to 1.18 gal/min between about 2,520 and 2,735 ft,
decreased to 0.91 gal/min between 2,735 and 2,765 ft,
and became too small to measure reliably between
2,765 and 2,830 ft.

Similar to the pattern in borehole UE-25¢ #1,
flow in borehole UE-25¢ #2 was downward in the top
of the borehole and upward in the bottom of the bore-
hole. However, downward and upward flow in bore-
hole UE-25¢ #2 remained small (less than
0.15 gal/min) throughout the entire surveyed part of the
borehole, and the change from downward to upward
flow was 230 ft lower than in borehole UE-25c¢ #1.

In contrast to the situation in boreholes
UE-25c¢ #1 and UE-25c #2, the flow in borehole
UE-25c¢ #3 was upward throughout the entire surveyed
part of the borehole, although it is possible that small
downward flow might be occurring above the upper-
most measuring depth. The flow in borehole
UE-25c¢ #3 decreased from 0.10 to 0.05 gal/min
between 1,505 and 1,650 ft, increased gradually to
0.08 gal/min between 1,650 and 2,275 ft, increased
sharply to 4.0 gal/min between 2,275 and 2,550 ft, and
decreased from 4.0 to 1.7 gal/min between 2,800 ft and
the bottom of the borehole.

As described in the next section, changes in flow
in the c-holes generally coincide with zones of moder-
ately to very fractured rock. Faults, partings, and inter-
vals with relatively large matrix permeability, also
influence intraborehole flow.

Transmissive Intervals

The best indicators of transmissivity are aquifer
tests and numerical modeling. However, both tech-
niques require some knowledge of hydrogeologic con-
ditions in advance of use for the most reliable
calculation of hydrologic properties. Diverse labora-
tory and geophysical data obtained at the c-hole com-
plex from 1983-1992 were used to determine
transmissive intervals in and between the c-holes in
order to improve the analysis and interpretation of pre-
liminary aquifer tests conducted at the c-hole complex.
For example, knowing that ground-water flow was
occurring in only 50 ft of a packed-off interval 500-ft
thick instead of the entire interval, substantially would
change the calculation of hydraulic conductivity from

a transmissivity value determined by a pumping test.
The analytical solution used to calculate transmissivity
from drawdown, residual drawdown, or recovery data,
and hence the numerical value obtained, would be
expected to differ substantially if pre-test analysis
showed that the source of ground water in a borehole
was a fracture zone, an unfractured interval with large
matrix permeability, a fault, or gravity drainage from
the water table. In this study, the following criteria
were used to identify transmissive intervals:

1. Gains and losses in intraborehole flow detected
during heat-pulse flowmeter surveys;

2. Gains in discharge detected by tracejector surveys
during pumping tests;

3. Inflections in nonpumping temperature gradients
(caused by inflow, outflow, upflow, or down-
flow);

»

Relatively low resistivity associated with moder-
ate to intense fracturing, relatively large matrix
permeability, or partings (indicating that the
resistivity is related to water and not weather-
ing, mineralization, or other factors); and

5. Borehole enlargement associated with fracture
zones, an indicator of the openness of individ-
ual fractures, or the presence of cavities created
by fracture intersections.

Transmissive intervals in each of the c-holes and
their characteristics are listed in tables 4-6. Figure 7, a
hydrogeologic section of the c-holes, drawn along lines
shown in figure 2, extrapolates transmissive intervals
between the c-holes. For purposes of discussion in this
report, the c-hole transmissive intervals informally
were grouped into four aquifers that are separated by
three confining units. The aquifers cannot be consid-
ered as formal hydrogeologic units because (1) the
aquifers are defined largely by the extent of fracturing
within them; (2) fractures are spatially related to faults
at the c-hole complex; and (3) in different areas, faults
and related fractures can be expected to penetrate geo-
logic units differently than at the c-hole complex.

Calico Hills Aquifer

The Calico Hills aquifer extends from the water
table, at depths between 1,312 and 1,320 ft to about
1,700 ft below land surface and is unconfined. It con-
sists of three relatively thin zones of moderately to very
fractured rock separated by unfractured to sparsely
fractured rock, much of which contains large matrix
permeability (fig. 7). Fractures, some of which are

SITE HYDROLOGY 13
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16 Results and Interpretation of Preiiminary Aquifer Tests in Boreholes UE-25c #1, UE-25¢ #2, and UE-25¢ #3, Yucca Mountain,



KVIADISISOI MOT]

uondsyuI JUApess

arneraduia) XoAU0d ‘KIIAGSISAT MO
uon

-oagur Judtperd aimeredwa) 9ABOUO))
Juawagrejua 2foYa1oq ‘KITANSISAT MO
Y 0£8°C MO[3q SIYoUI 77 IN0qe 03 JusW
-a31e[US Jj0yaI0q ‘UONOIPUT JuApeId
rmeradura) XaAu0d ‘KJIANSISAT MO']

Y EOLT
pue ¢89°Z e saxnoe1y uado punore

0 dn pue ur /|
0 dn pue ut 179

0 dn pue ur 1°Q
0 dn pue ur [°Q

14 dn pue ur o'z
op<

Jo mop premdn

wnuwrxew o) ureg

asdef[0o ajoyaloq pue d[qed 4q
PA[EIOUOI ST [BAIUT 25N UTEIdUN SULMIORI) JO JUAXA ¢(;)peImoel) K[o1eIapoy

Sur{Ins-1som pue [pIou ARSOUI ‘[EITLI9A-MOf[BYS I8 SAIMIOBIY ‘paImoely A[21eIopON
Sunyns

-U}IOU PUR “}SOMIPIOU ‘}sam Apsour ‘daa)s-mof[eys aIe SImIoRIy (paImoely AIoA
Sunjys-1somyyiou pue fpiou ‘daa)s- Mof[eYS T8 SOIMORI) {PaINORLy AIOA
Sun{INS-1SIMYINOS PUE “YPNOS ‘YPIOU A[ISOU ‘[BOTIIIA-MO[[BYS

are ‘uado a1e Yorym JO InOJ SAINJORIJ Y001 PAINJORIJUN JO SfEAIAUI UI £q pajeredas
‘Y $TR‘T-0TY T I8 2u0Z Jjne,] UCKUED) ysniqiuied Ay Surpn[oul {001 painioely A1oA

SUD{LDS-RIOU PUB JSOMIRIOU ISIM ISOMYINOS ISEAYLIOU

000°€—056°C
SY6°T€T6'T
016CT-668°C

L88‘T¥88°CT

168CT-8SLC

juawagrefus ajoyaroq ‘ANANSISAI MO 0 [[ewIs pajewInsy ‘doays-mo[[eys a1e ‘uado aIe YOIym JO OM] ‘SAINIOBIJ ‘paIn)orly A19A 0] A[IBISPOIN  SSL°T-S89'T
(ueo
-16d) (eanujw owwmna
uopsuuoju 6ujpuoddng ebisyo 1ed suojjeb) sajispeRIBYD pue| Mojeq
-sip 6u]  moj} ejoyaiogqenu| wdeg
-dwng

panunuo)-- §# 9G2-3N Bloyaloq Ul SJeAIBiUl BAISSIWSURI] *9 d|qB)

17

SITE HYDROLOGY









open, are shallow to vertical and diversely oriented.
The upper part of the aquifer (transmissive interval I) is
characterized by small to moderate downflows from
the water table. In the middle part of the aquifer (trans-
missive intervals II and III), all downward flow in bore-
hole UE-25c #3, all remaining upward flow from lower
in borehole UE-25c¢ #3, and about a third of the down-
wardflow in borehole UE-25c¢ #1 are lost through frac-
tures and the rock matrix; some of this water flows into
borehole UE-25c¢ #2. At the bottom of the aquifer,
small upflows and downflows enter the c-holes through
a parting at the contact between the tuffs and lavas of
Calico Hills and the Crater Flat Tuff.

Prow Pass - Upper Bullfrog Aquifer

The Prow Pass - upper Bullfrog aquifer extends
from about 1,800 ft to about 2,270 ft below land surface
and probably either is unconfined or is a fissure-block
aquifer. It consists of four relatively thin zones of mod-
erately (?) to very fractured rock separated by thin to
thick intervals of unfractured to sparsely fractured
rock, some of which contain large matrix permeability
(fig. 7). Fractures, some of which are open, are shallow
to vertical and diversely oriented, although many are
north- or south-striking. A parting at the contact
between the Prow Pass and Bullfrog Members of the
Crater Flat Tuff occurs near the bottom of the aquifer.
In the upper part of the aquifer (transmissive intervals
IV and V), a small outflow from borehole UE-25¢ #3 is
transmitted toward borehole UE-25¢ #1, and a small
outflow from borehole UE-25c¢ #1 is transmitted
toward borehole UE-25¢ #2. Lower in this part of the
aquifer, these inflows leave boreholes UE-25¢ #1 and
UE-25c #2 through fractures. In the middle part of the
aquifer (transmissive interval VI), small outflows from
boreholes UE-25¢ #2 and UE-25¢ #3 are transmitted by
fractures, the rock matrix, and the parting at the Prow
Pass - Bullfrog contact toward borehole UE-25c #1. At
the bottom of the aquifer (transmissive interval VII),
small outflows to fractures occur in all of the c-holes.
Seven percent of the discharge from borehole
UE-25c¢ #2 during a pumping test in March 1984 came
from this aquifer.

Bullfrog Aquifer

The Bullfrog aquifer extends from about 2,370 to
2,660 ft below land surface and is confined by more
than 100 ft of overlying unfractured to sparsely frac-
tured, moderately to densely welded tuff (fig. 7). The
aquifer consists mostly of moderately to very fractured
rock with thin intervals of unfractured to sparsely frac-
tured rock, but the lower 50 ft of the aquifer in borehole

UE-25¢ #3 is sparsely to moderately fractured. The
upper part of the aquifer (transmissive interval VIII)
contains large matrix permeability. Fractures, most of
which are open, are shallow to vertical, and diversely
oriented. In the upper part of the aquifer, small to large
outflows from boreholes UE-25¢ #2 and UE-25c¢ #3 are
transmitted toward borehole UE-25¢ #1. In the lower
part of the aquifer (transmissive interval IX), all down-
ward flow and all remaining upward flow from lower in
borehole UE-25c #1 are lost through fractures; small to
large outflows from boreholes UE-25¢ #2 and
UE-25c¢ #3 occur, as well. Sixty-four percent of the
discharge from a pumping test in borehole UE-25c¢ #1
in September 1983, 93 percent of the discharge from a
pumping test in borehole UE-25c #2 in March 1984,
and 75 percent of the discharge from a pumping test in
borehole UE-25c #3 in May-June 1984 came from this
aquifer.

Tram Aquifer

~ The Tram aquifer extends from about 2,660 ft
below land surface to the bottom of the c-holes and is
confined. However, leakage occurs from two faults
that transect this aquifer. The aquifer consists almost
entirely of moderately to very fractured rock (fig. 7).
Fractures, many of which are open, are shallow to ver-
tical and diversely oriented. At the top of the aquifer
(transmissive interval X), all downward flow and all
remaining upward flow from lower in the borehole are
lost from borehole UE-25c #2 and are transmitted
toward boreholes UE-25c #1 and UE-25c¢ #3. In the
lower part of the aquifer (transmissive interval XI),
small to large upward flows enter the c-holes. Thirty-
six percent of the discharge from a pumping test in
borehole UE-25¢ #1 in September 1983 and 25 percent
of the discharge from a pumping test in borehole
UE-25c¢ #3 in May-June 1984 came from this aquifer.

FLUID-INJECTION TESTS

Twenty-six fluid-injection tests were conducted
in the c-holes in 1983 and 1984. In October 1983,
16 falling-head (slug) tests and nine pressure-injection
tests were conducted in borehole UE-25c #1. In
October 1984, a constant-head injection test was con-
ducted in borehole UE-25¢ #2 using boreholes
UE-25c¢ #1 and UE-25c #3 as observation wells. The
constant-head test, soon after it began, developed into
a constant-flux test and is discussed later in this report
with pumping tests conducted in the c-holes.
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Falling-Head Tests

Falling-head tests conducted in borehole
UE-25c #1 are listed in table 7, which indicates that test
intervals were successively reduced from 160 to 40 to
22 ft, except near the top and bottom of the borehole,
where test interval thicknesses were determined partly
by the bottom of the concrete and the bottom of the
borehole. As shown in figure §, tests intervals were
isolated by TAM International inflatable packers, mon-
itored primarily by contractor-supplied Kuster and
Sperry-Sun pressure and temperature gauges above,
between, and below the packers, and monitored sec-
ondarily by a USGS-supplied Bell and Howell pres-
sure-transducer suspended inside the 2.26-in.-inside
diameter plastic riser pipe above the packer string. For
all tests except test 1, the transducer was set at 1,370 ft
below the top of the riser pipe; for test 1, it was set at
1,330 ft below the top of the pipe.

According to Devin L. Galloway (USGS, oral
commun., 1993), the contractor-supplied gauges, with
pressure ranges of 0 to 2,150 1b/in.2 and 0 to
5,000 Ib/in.2 (Tam International, written commun.,
1983), were insensitive to small changes in head that
are common to aquifer tests. Moreover, because of a
recording interval of 2 min, these gauges missed the
initial head in some tests, and in very permeable inter-
vals, the gauges missed most or all of the head recov-
ery. The USGS-supplied pressure transducer, with a
pressure range of 0 to 500 1b/in.2 and a minimum
recording interval of eight seconds, was considered
more reliable for data collection and analysis than the
contractor-supplied gauges. Consequently, only the
pressure-transducer data for the falling-head tests were
analyzed.

An additional problem with the design of the
falling-head tests was the large column of water
injected into borehole UE-25c #1 during the tests. As
indicated in table 7, initial injected heads in these tests
ranged from 592 to 1,022 ft above the static water level,
averaging about 700 ft. Galloway (USGS, written
commun., 1986) reported that calculations for a repre-
sentative test conducted in a permeable zone indicate
that a head loss of 35 to 40 percent probably occurred
during the falling-head tests as a result of friction
between the injected water as it descended and the riser
pipe. Although early-time recovery data could have
been affected by any initial head loss to friction, later
recovery data probably would not have been affected.
Consequently, the later-time recovery data were
emphasized in analyzing these tests.

The commonly used method for analyzing
falling-head tests, in a confined aquifer, is that of
Cooper and others (1967), which assumes radial flow

to a fully penetrating well in a homogeneous, isotropic,
compressible aquifer. Reed (1980) presents type
curves of the well function for the analytical solution of
Cooper and others (1967). As pointed out by Cooper
and others (1967), matching data curves with the type
curves can provide a good determination of transmis-
sivity, whereas the determination of storativity is not
reliable because of the similar shape of the type curves.
Barker and Black (1983) indicate that the solution of
Cooper and others (1967) can be applied successfully
to formations with very low storativity and to fractured
rock, provided that there is no exchange of water
between fractures and the rock matrix and that fracture
apertures are not changed by the pressure of the
injected water column. However, Barker and Black
(1983) state that even where water is derived from frac-
tures and the rock matrix, a situation commonly termed
a “dual-porosity” aquifer, transmissivity determined by
the method of Cooper and others (1967) will be under-
estimated by a factor of no more than 2-3. This poten-
tial error generally would be considered insignificantin
a complicated hydrogeologic environment, such as the
c-hole complex, where one might expect transmissivity
calculations to be within an order of magnitude of
actual values. Barker and Black (1983) cautioned
against using the method of Cooper and others (1967)
to determine storativity in a dual-porosity aquifer,
because the method can underestimate storativity by a
factor of as large as 0.000001. Because of large poten-
tial error, storativity was not determined from the
falling-head tests in borehole UE-25¢ #1.

In the solution of Cooper and others (1967),
values of the ratio of injected head at time t to initial
injected head (H/H,) are plotted against time elapsed
since the injection of fluid occurred. A match between
the data curve and a type curve plot of H/H,, as a func-

tionof B = Tt/rc2 gives a value of a0 = r52/rc2 xS, B, and
time, where,
T = transmissivity (L¥T);
r. =radius of casing (plastic riser pipe in
UE-25c¢ #1) in which water level fluctuates
L)
r, =radius of open hole (L);
t =time (T); and
§ =storativity (dimensionless).

Transmissivity is found by picking a match point
where B = 1 and solving the equation:

2
T=r/t 2

On the basis of the solution of Cooper and others
(1967), falling-head tests in borehole UE-25c¢ #1 indi-
cated transmissivity values for tested intervals that

FLUID-INJECTION TESTS 21
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ground-water flow models that explain hydraulic head
changes with time during the tests, and ranges in
hydrologic properties calculated on the basis of analy-
tical solutions for different possible ground-water flow
models are presented in this section of the report. For
a general discussion of the principles of aquifer tests,
the reader is referred to Lohman (1979) and Driscoll
(1986).

Analytical Methods

Constant-flux tests conducted at Yucca Moun-
tain, including tests conducted in the c-holes discussed
later in this section, rarely produce a transient response
characteristic of an infinite, homogeneous, isotropic,
confined aquifer—the exponential-integral curve of
Theis (1935). As indicated by Robison and Craig
(1991), plots of the log of water-level change as a func-
tion of the log of time typically result in a two-humped
curve or a curve that flattens out. Additionally, the
early-time data are characterized by borehole storage
effects (Gringarten, 1982), and the late-time data com-
monly contain oscillations that Galloway and
Rojstaczer (1988) attributed to Earth tides and changes
in atmospheric pressure. In this report, constant-flux
tests in the c-holes are interpreted with respect to four
analytical ground-water models: (1) An infinite,
homogeneous, isotropic, confined aquifer (Theis,
1935; Cooper and Jacob, 1946); (2) a leaky, homoge-
neous, isotropic, confined aquifer (Cooper, 1963);

(3) a fissure-block (dual-porosity) aquifer
(Streltsova-Adams, 1978); and (4) an infinite, homoge-
neous, anisotropic, unconfined aquifer (Neuman,
1975). The four analytical models used were selected
because of their applicability to hydrogeologic charac-
teristics of the c-hole complex discussed previously in
this report.

Under the assumption of an infinite, homoge-
neous, isotropic, confined aquifer, water-level changes
in observation wells are plotted as a function of time on
log-log paper and matched to the exponential-integral
type curve of Theis (1935). The following equations
are used to calculate hydrologic properties:

_OxWw
T 4rts (5)
K, =T/b 6)
and
S = 4T2{" (7

where,

T = transmissivity (L¥T);
Q = rate of injection or withdrawal (L*/T);

W(u) = well function for an infinite, homogeneous,
isotropic, confined aquifer (also called the
exponential integral);

1 = adimensionless parameter defined by
equation 7;

K, =horizontal hydraulic conductivity (L/T);

b = thickness of transmissive intervals (L);

S = storativity (dimensionless);

t =time since injection or withdrawal started or
stopped (T) corresponding to |;

s = water-level change (L) corresponding to
W(p); and

r =distance from the pumped well to an
observation well (L).

Under the same assumptions applicable to equa-
tions 5, 6, and 7, the transmissivity of rocks in the
pumped well can be analyzed by plotting residual
drawdown as a function of the log of the ratio of time
since injection or withdrawal started to time since
injection or withdrawal stopped and solving the follow-
ing equation (Theis, 1935):

230
T= 4TAs d, (8)

where:

As) = the residual water-level change (L) over one log
cycle of the ratio of time since injection or
withdrawal started to time since injection or
withdrawal stopped; and all other variables are
defined as in equation 5.

Flattening of a plot of the log of drawdown in the
pumped well or an observation well as a function of the
log of time can be interpreted to indicate induced
recharge from an aquifer boundary, as a hydraulic gra-
dient develops between the boundary and the aquifer in
response to pumping. This situation is analogous to
leakage from a confining unit without storage during
pumping. Analysis of drawdown in an aquifer with
leakage from a confining unit without storage, accord-
ing to Cooper (1963), is done by plotting the log of
drawdown as a function of the log of the ratio of time
since pumping started to the distance squared from the
pumped well, matching the data curve to one of a fam-
ily of type curves, and solving the following equations:

= 2XL(LY) )

4rs
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_ 4Tt /r
S = 7u (10)
and
r K’
v=1tx J;: a1
where,

L(p,v)= well function of an infinite, homogeneous,
isotropic, confined aquifer with leakage
from a confining unit without storage;

K' = vertical hydraulic conductivity of the
confining unit (L/T);

b' = thickness of the confining unit (L); and

v = adimensionless parameter defined by
equation 11; and all other variables are as
defined previously.

The fissure-block model of ground-water flow
can be analyzed either by straight-line techniques
(Robison and Craig, 1991) or by curve-matching
(Streltsova-Adams, 1978). If a pumping test proceeds
long enough, a plot of drawdown in an observation
well as a function of the log of time since pumping
started is characterized by three segments. The first
and third segments have twice the slope of the second
segment, which is relatively flat. The third segment is
analyzed using the following equations (Cooper and
Jacob, 1946):

T= 12)
4nAs 4
and
2.25T:
S = 0 13)
2
r
where,

As ;= drawdown (L) over one log cycle of time;

t, = time at point of zero drawdown (T); and

r =distance from pumped well to observation
well (L); and all other variables are as
defined previously.

If the test is terminated before the third segment is
obtained, the second segment is analyzed with the
denominator of equation 12 multiplied by 2.

In the curve-matching technique of Streltsova-
Adams (1978), the log of drawdown in an observation
well as a function of the log of time is plotted and
matched to a type curve with a shape determined by the
ratio of total storativity to fracture storativity (1), and

by the ratio of the distance from the pumped well to the
parameter B, which is defined by the following equa-
tion:

_ [H
5= It (14)

where,

T = transmissivity (L¥T);

H = the distance from the center of a block to a
bounding fracture, equivalent to half the
average distance between fractures (L); and

K, =hydraulic conductivity of the blocks (L/T).

Matching the data curve to the type curve gives the
transmissivity of the aquifer; matching the data curve
to the early-time part of the type curve gives the frac-
ture storativity; substituting the fracture storativity and
1 into equation 17 below, gives the block storativity;
rearranging equation 14 and solving for K,, gives the
block hydraulic conductivity; and dividing transmis-
sivity by the thickness of transmissive intervals in the
test interval gives the average fracture hydraulic con-
ductivity. The analytical equations are:

_ 9xW(e)
T= 4rns 1s)
4Tt
S, = — (16)
4 ro
S, = sfx nm-1 an
TH
B
and
_T
Kf =3 (19)
where,

W(0) = well function of a fissure-block aquifer;

s =drawdown in fractures (L) corresponding to
W(6);

S; = fracture storativity (dimensionless);

0 = adimensionless parameter defined by
equation 16;

t =time since pumping started (T)
corresponding to 0;

K; =hydraulic conductivity of the fractures
),

S, =Dblock storativity (dimensionless); and all
other variables are as defined previously.
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Because the type curves are very similar, esti-
mating 1/B in advance of curve-matching is recom-
mended. In analyzing the c-hole pumping tests, values
of 1/B were estimated using the fracture data in the
Supplementary Data section of this report, values of
matrix permeability shown on pls. 1-3, and values of
transmissivity estimated from plots of drawdown or
recovery during aquifer tests as a function of the log of
time. Hydraulic conductivity (K), in feet per day, was
estimated from matrix permeability (k), in millidarcies
by the following equation:

kp_g
K= 2
m (20)

where,

p = the dynamic viscosity of water
(in centipoise); and
p w and g are defined as in equation 3.

The final analytical model considered in this
report is an infinite, homogeneous, anisotropic, uncon-
fined aquifer (Neuman, 1975). The method of analysis
requires plotting the log of drawdown or recovery in
either the pumped well or an observation well as a
function of the log of the ratio of time since pumping
started or stopped to distance squared from the pumped
well and matching the data curve to a type curve that
consists of two relatively steep segments (Type A and
Type B curves) separated by a relatively flat transi-
tional segment. The shape of the transitional curve is
related to the anisotropy of the aquifer. Matching the
data curve to either the early-time or late-time part of a
type curve gives the transmissivity; matching the data
curve to the early-time part of a type curve gives the
storativity; and matching the data curve to the late-time
part of a type curve gives the specific yield. Hydro-
logic properties are calculated using the following
equations:

Ox W By bip B
T= 4xs 1)
4T
§=—14 (22)
2
,
4Tmg
S, =— (23)
r
and
K r2
p=-=% (24)
Kb

where,
W(u,, ugB8) = well function for an unconfined
aquifer;
s =drawdown (L) corresponding to
W(u'A’ Mg, 8)9
M4 = a dimensionless parameter defined by
equation 22;

M = a dimensionless parameter defined by
equation 23;
t =time since pumping started (T)
corresponding to W, or lg;
B =adimensionless parameter defined by
equation 24;
= specific yield (dimensionless);
= vertical hydraulic conductivity (L/T); and
all other variables are as defined previously.
To calculate hydrologic properties using the
unconfined aquifer solution of Neuman (1975) first
requires estimating the parameter 8, which, in turn,
requires estimates of vertical hydraulic conductivity
(K,) and horizontal hydraulic conductivity (K,). Initial
estimates of K, and K, were obtained from values of
interval hydraulic conductivity determined from the
previously discussed fluid-injection tests in borehole
UE-25¢c #1. The values of hydraulic conductivity
determined from the fluid injection tests were inserted
into equations given by Freeze and Cherry (1979) for
determining average values of vertical and horizontal
hydraulic conductivity in rocks with layered hydraulic
conductivity. The equations used were:

S

y

K

Z

K b (25)

Z= n b.
2%
i=1 !

and

]

=1

(26)

where:

K; =hydraulic conductivity of a layer (L/T);
b; = thickness of a layer (L);

b =total thickness of layers (L); and

n  =the number of layers.

In observation wells with packers emplaced to
isolate selected intervals, the proportion of discharge
contributed from above, between, and below the pack-
ers in an observation well had to be estimated to solve
equations 5, 9, 15, and 21. The results of heat-pulse
flowmeter surveys conducted in the c-holes, that are
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shown on plates 1-3, were used to proportionalize dis-
charge.

Pumping tests with residual head changes from
preceding tests or significant recovery (more than
about 10 percent of drawdown) caused by a pump fail-
ure during the test were analyzed applying the principle
that the effects of superimposed cycles of fluid injec-
tion or withdrawal and recovery are additive. The fol-
lowing equations were used during analysis of a
pumping test to separate total recorded drawdown into
component parts:

R @7)
"= 5% 5t (28)
S2551751* N (29)
and
I DS R Tl & (30)
where

sy = total recorded drawdown (L);
s =drawdown caused by continuous pumping
@)
s, =residual drawdown from a previous aquifer
test (L);
s; =drawdown caused by continuous pumping
or pumping prior to a pump failure (L);
s, =drawdown caused by pumping following a
period during which a pump failure occurred
L);
ry = (water-level recovery after shutting off a
pump following continuous pumping or
during a pump failure (L); and
r, = water-level recovery following pumping
interrupted by a pump failure (L).

Values of s, s;, 5,, and r; were estimated beyond the
time each was recorded by extrapolation of the slope
of the recorded data on a plot of water-level change as
a function of the log of time.

Where depths to water were recorded in piezom-
eters open to the surface, and a recording barometer
was operated during an aquifer test, recorded draw-
down data were corrected for atmospheric pressure
changes based on values of barometric efficiency
obtained by Galloway and Rojstaczer (1988) from
simultaneous records of water levels in the c-holes and
borehole UE-25p #1 and atmospheric pressure during
1986. Above packers emplaced between depths of
about 2,400 to 2,600 ft, and in open boreholes, a baro-
metric efficiency of 0.8 was used for the c-holes.
Between packers emplaced between 2,400 and 2,600 ft

and below the packers, a barometric efficiency of
0.85 was used for the c-holes. In borehole UE-25p #1
below a packer emplaced 4,255 ft below the land sur-
face to isolate the Miocene tuffaceous rocks from the
Paleozoic carbonate rocks, a barometric efficiency of
0.75 was used. Oscillations in recorded drawdown
caused by Earth tides were handled by a visual best-fit
match of type curves to curves of drawdown or recov-
ery through the oscillations.

Pumping Tests in Borehoie UE-25¢ #1

Two unsuccessful pumping tests were conducted
in borehole UE-25¢ #1 in September and October
1983, immediately after completion of the borehole.
During each test, borehole UE-25p #1, 2,028 ft south-
east of the pumped well, was monitored to determine
whether the Miocene tuffaceous rocks, and the Paleo-
zoic carbonate rocks are connected hydraulically in the
vicinity of the c-holes. Atmospheric pressure at bore-
hole UE-25c¢ #1 was recorded on a Validyne digital
barometer.

Borehole UE-25¢ #1 was open during the pump-
ing tests in the tuffs and lavas of Calico Hills and the
Crater Flat Tuff, from the bottom of concrete at a depth
of 1,371 ft, to the bottom of the borehole at a depth of
2,995 ft (USGS logbook for borehole UE-25¢ #1,
unpublished). A Centrilift submersible pump was
emplaced in the borehole from 1,399 to 1,477 ft below
land surface, with the pump intake at 1,416 ft below
land surface (Fenix and Scisson, Inc., written com-
mun., 1983). A 5.5-in.-outside-diameter riser pipe
extended from the pump to the wellhead, where it was
coupled to a 6-in.-diameter, steel discharge pipe with
an in-line flowmeter and end-line orifice plate and
manometer (USGS logbook for borehole UE-25¢ #1,
unpublished). Depth to water in the borehole was mon-
itored with a Bell and Howell pressure transducer with
arecording range of 0 to 50 1b/in.?, that was connected
at the surface to a Fluke data logger (USGS logbook for
borehole UE-25c #1, unpublished). The calibrated
depth of the transducer was 1,423 ft below land surface
(110 ft below the static water level in the borehole).

Borehole UE-25p #1 is part of a water-level
monitoring network at Yucca Mountain and is perma-
nently configured to record hydraulic head in the
Paleozoic rocks near the c-hole complex (Robison and
others, 1988). Borehole UE-25p #1 is cased and
grouted through the tuffaceous rocks to a depth of
4,256 ft below land surface (175 ft below the contact
between the Miocene and Paleozoic rocks in the bore-
hole). Hydraulic head in the Paleozoic rocks is
recorded with a pressure transducer suspended inside a
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1.9-in.-outside-diameter plastic piezometer tube. Dur-
ing the pumping tests in borehole UE-25c¢ #1, a Bell
and Howell pressure transducer with a recording range
of 0 to 10 Ib/in.2, that was connected at the surface to a
Fluke data logger, was used in the borehole (USGS log-
book for borehole UE-25c #1, unpublished). The cali-
brated depth of the transducer was 1,198 ft below land
surface, and 7.5 ft below the static water level in the
piezometer tube (USGS records, unpublished).
Following several periods of pumping lasting
from 10 minutes to 11.5 hours, during which the dis-
charge rate was varied between 242 and 500 gal/min,

equipment to be used in the pumping tests was evalu-

ated, borehole UE-25c #1 was flushed of drilling
debris, and a pumping test was started in borehole
UE-25c #1 on September 27, 1983. The pump was off
for 22 hours prior to the test, and the water level was
static when the test began. At an average discharge rate
of 234 gal/min, a volume of 1,192,969 gal of water was
withdrawn from the pumped well during the test
(USGS records, unpublished). Pumping lowered the
water level in borehole UE-25¢ #1 about 100 ft to the
pump intake in about 12 minutes, where it remained
until pumping ceased on September 30, 1983, 3.5 days
after the test began (USGS records, unpublished).
After the pump was shut off, the water level in
borehole UE-25c #1 rose abruptly, and residual draw-
down was negligible 10.3 minutes after pumping ended
(USGS records, unpublished).

A second pumping test in borehole UE-25¢ #1
took place 11 hours after the first pumping test on
October 1, 1983 (USGS logbook for borehole
UE-25c #1, unpublished). During the first 12 minutes
of the test, pumping at an average rate of 216 gal/min
again lowered the water level in the pumped well to the
pump intake (USGS records, unpublished). After
11.8 hours, the pump failed for about 10 minutes, and
the water level in the pumped well recovered 83 per-
cent (USGS records, unpublished). After the pump
was restarted, the water level again decreased rapidly
to the pump intake. Pumping continued at an average
rate of 213 gal/min for another 19.6 hours until on
October 2, the pump was shut off, and the water level
in the pumped well again recovered rapidly
(USGS records, unpublished).

The pumping tests conducted in borehole
UE-25c #1 generally were a failure. Drawdown and
recovery in borehole UE-25c¢ #1 could not be analyzed
quantitatively, because the depth to water during most
of each pumping test was controlled by the depth of the
pump intake and not the hydrologic properties of the
rocks being tested. Clearly, a smaller capacity pump
should have been used for these tests. Both pumping
tests in borehole UE-25c¢ #1 were too short to produce

any discernible effect on the water level in borehole
UE-25p #1. Thus, neither test could be used to deter-
mine whether the Miocene and Paleozoic rocks are
connected hydraulically in the vicinity of the c-holes.

Pumping Test in Borehole UE-25¢ #2

A pumping test was conducted in borehole
UE-25c #2 in March 1984, several days after comple-
tion of the borehole. During the test, water levels in the
pumped well, in borehole UE-25c¢ #1, 251 ft north-
northeast of the pumped well, and in borehole
UE-25p #1, 1,971 ft east-southeast of the pumped well,
were monitored. Atmospheric pressure during the test
was recorded on a Validyne digital barometer located at
borehole USW H-4, 7,466 ft northwest of borehole
UE-25c #2.

Procedures and Problems

Borehole UE-25c¢ #2 was open during the pump-
ing test in the tuffs and lavas of Calico Hills and the
Crater Flat Tuff, from the bottom of concrete, at adepth
of 1,365 ft, to the bottom of the borehole, at a depth of
2,999 ft (USGS logbook for borehole UE-25c¢ #2,
unpublished). A Centrilift submersible pump was
emplaced in the borehole from 1,420 to 1,485 ft below
land surface, with the pump intake at 1,447 ft below
land surface (Fenix and Scisson, Inc., written com-
mun., 1984). A 5.5-in.-outside-diameter riser pipe
extended from the pump to the wellhead, where it was
coupled to a 6-in.-diameter, steel discharge pipe with
an in-line flowmeter and end-line orifice plate and
manometer (USGS logbook for borehole UE-25c #2,
unpublished). Depth to water in the borehole was mon-
itored with a Bell and Howell pressure transducer with
arecording range of 0 to 25 1b/in.2, that was suspended
inside a 2.4-in.-diameter access tube and connected at
the surface to a Fluke data logger (USGS logbook for
borehole UE-25c¢ #2, unpublished). The calibrated
depth of the transducer was 1,369 ft below the top of
the access tube, 50 ft below the static water level inside
the tube (USGS records, unpublished).

Borehole UE-25c #1 was monitored above and
between straddle packers suspended on a 2.9-in.-
outside-diameter plastic tube between depths of 2,510
and 2,610 ft (Fenix and Scisson, Inc., written commun.,
1984). From the bottom of concrete to the top of the
packers, borehole UE-25c #1 was open from the Calico
Hills aquifer to the top of the Bullfrog aquifer (fig. 7).
Between the packers, at depths of 2,520 to 2,600 ft,
borehole UE-25¢ #1 was open in the lower part of the
Bullfrog aquifer. Depth to water above the packers was
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monitored with a Bell and Howell pressure transducer
with a recording range of 0 to 10 Ib/in.2, that was con-
nected at the surface to a Fluke data logger (USGS log-
book for borehole UE-25¢ #2, unpublished). The
calibrated depth of the transducer to monitor the inter-
val above the packers was 1,355 ft below the top of cas-
ing, 20 ft below the static water level in the borehole.
Depth to water between the packers was monitored
with a Bell and Howell pressure transducer with a
recording range of 0 to 25 1b/in.2, that was suspended
inside the tube on which the packers were hung and
connected at the surface to a Fluke data logger (USGS
logbook for borehole UE-25¢ #2, unpublished). The
calibrated depth of the transducer to monitor the inter-
val between the packers was 1,369 ft below the top of
tubing, 50 ft below the static water level inside the tube.

In borehole UE-25p #1, depth to water inside the
piezometer tube that was open to the Paleozoic rocks
was monitored with a Bell and Howell vented pressure
transducer with a recording range of 0 to 15 1b/in.2, that
was connected at the surface to a Fluke data logger
(USGS logbook for borehole UE-25¢ #2, unpublished).
The calibrated depth of the transducer was 1,205 ft
below the top of the piezometer tube, 15 ft below the
static water level inside the tube.

Five days prior to the pumping test in borehole
UE-25c¢ #2, the borehole was cleaned of debris by
repeated cycles of pumping and recovery over a period
of five hours. Discharges during this procedure ranged
from 321 to 335 gal/min (USGS logbook for borehole
UE-25c¢ #2, unpublished). On March 7, 1984, from
0350 to 0423, several attempts were made to begin a
pumping test in borehole UE-25¢ #2, but the longest
the pump remained operative during this time was
23 minutes (USGS logbook for borehole UE-25¢ #2,
unpublished).

After complete water-level recovery (USGS
records, unpublished) and several modifications to the
equipment, a pumping test in borehole UE-25¢ #2 was
started successfully at 1742 on March 7, 1984 (USGS
logbook for borehole UE-25¢ #2, unpublished). Pump-
ing continued until 1029 on March 14, 1984 (a period
of about 6.7 days). Discharge during the pumping test
-stabilized within minutes of the pump being started at
an average rate of 245 gal/min, and a volume of
2,361,386 gal of water was withdrawn during the test
(USGS records, unpublished).

The pumping in borehole UE-25¢ #2 caused the
water level in the pumped well to decrease 8 ft during
the first minute of the test; shutting off the pump at the
end of the test caused an equally abrupt increase in the
water level (fig. 13). Complete recovery to the pre-test
static water level in the pumped well occurred
1,165 minutes after pumping ceased. The pumping in

borehole UE-25¢ #2 drew down water levels in bore-
hole UE-25c #1 about 1.2 ft above the packers and
about 1.4 ft between the packers (fig. 14). Considering
the changes in atmospheric pressure during the test
(fig. 15), water-level recovery in borehole UE-25c #1,
about 3.7 days after pumping ceased, was about 79 per-
cent complete above the packers and 100 percent com-
plete between the packers. The pumping in borehole
UE-25c #2 apparently caused the water level in bore-
hole UE-25p #1 to decrease after about 1,000 minutes
(fig. 14), indicating that the Miocene tuffaceous rocks
and Paleozoic carbonate rocks at the c-hole complex
are connected hydraulically. Corrected for changes in
atmospheric pressure, the water level in borehole
UE-25p #1 decreased 1.4 ft while the pump was on and
another 0.5 ft in the 3.7 days that water levels were
monitored after the pump was shut off.

Test Analyses

Despite oscillations, drawdown and recovery
data from borehole UE-25¢ #1 above the packers could
be interpreted to conform to the analytical solution of
either Streltsova-Adams (1978) for a fissure-block
aquifer or Neuman (1975) for an unconfined, anisotro-
pic aquifer. For both solutions, tuffaceous rocks above
the packers were estimated from a heat-pulse flow-
meter survey done in December 1991 to contribute
12.5 percent of the discharge from the entire thickness
of rocks below casing and concrete in borehole
UE-25c #1.

Aquifer-test analysis using the fissure-block
solution of Streltsova-Adams (1978) was guided by an
estimate of 1/B = 0.09 that was obtained from the fol-
lowing: (1) Half the average distance between frac-
tures in the interval above the packers = 2.6 ft; (2) log
mean matrix hydraulic conductivity in the interval
above the packers = 0.0009 ft/d; and (3) a first approx-
imation-estimate of transmissivity from the slope of the
late-time data on a plot of drawdown as a function of
the log of time during the pumping test = 3,200 ft?/d.
The parameter 1/B was calculated as follows:

roo_ 270ft

A/%‘ﬁ Js, 200f2/d x 2.6ft
b N 0.0009/r/d

= 0.09

r
B

Fit to the type curve for 1} = 10 and 1/B = 0.3, the
drawdown data from borehole UE-25¢ #1 above the
packers (fig. 16) indicated the following values of
transmissivity (7), fracture storativity (Sy), block stor-
ativity (S,), fracture hydraulic conductivity (Ky), and
block hydraulic conductivity (K,):
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Figure 13. Drawdown as a function of time in borehole

UE-25c #2 during the pumping test in borehole UE-25¢ #2,

March 1984.
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Figure 14, Drawdown as a function of time in boreholes
UE-25¢ #1 and UE-25p #1 during the pumping test in
borehole UE-25c¢ #2, March 1984.
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Figure 15. Atmospheric pressure at borehole USW H-4
during the pumping test in borehole UE-25¢ #2, March 1984,
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Figure 16. Analytical solution for drawdown data from borehole UE-25c¢ #1 above the packers assuming a fissure-block
aquifer, pumping test in borehole UE-25¢ #2, March 1984.

0 x W (6) (0.125 x 245gal/minx 192,51 /d) x 1
T=""% = (4nx0.135f7) X 1gal/min

=3, 500ft2/ d

= 3 = 0.0002
r o (270ft) x1x1,440min/d

s ATt _ 4x3,500ft2/d><1.35min
f 2,

S, = Spx (M=1) = 00002 (10-1) = 0.002

r/B =03

« o IXH _3, S00fi2/d % 2.6ft
L TxH
8 (900f1)

= 0.01ft/d
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Aquifer-test analysis using the unconfined aquifer solution of Neuman (1975) was guided by an estimate of the

parameter B, as follows:
b
K =
b
2 K

Z
1,139

KZ (40/0.6 +25/0.4 +40/0.3 +209/0.1 + 190/0.08 + 120/0.05 + 145/0.03 + 105/0.008 + 190/0.005 + 75/0.003)

0.013ft/d

i kb
Kr=.z-b—

(40%0.6 +25%0.4 +40x%0.3 +209 % 0.1 + 190 X 0.08 + 120 x 0.05 + 145 % 0.03 + 105 % 0.008 + 190 x 0.005 + 75 x 0.003)

K, = 1,139

B
n

Kr = 0.083ft/d

Assuming b is the thickness of transmissive intervals above the packers:

2
_ z’ _ 0.013/t/d X (270ft) 0.04

Krb 0.083ft/d x (524ft)

Fit to the type curve for B = 0.06, the drawdown and recovery data from borehole UE-25c¢ #1 above the
packers (fig. 17) indicated the following values of transmissivity (T), storativity (S), specific yield (S,), horizontal

hydraulic conductivity, vertical hydraulic conductivity, and anisotropy (K/K,

Drawdown Recovery
-2 =2
- 4nsxw(p'Arp‘Bvﬂ) T= 4KSXW(HA’HB,B)
(0.125 X 245gal/min x 192.5ft3/d) x1 (0.125 X 245gal/min x l92.5ft3/dJ x1
T= an % 0.16f1 X 1gal/min T= an x 0.16f1 x 1gal/min
T=2, 900ft2/d T=2, 900f12/d
s 4.TtuA s 4TtuA
2 2
r r
2 . 2 .
S=4x2,900ft /dx1.5minx 1 S=4><2,900ft /dxX2minx 1
2
(270ft) x1,440min/d (270ft)2x 1, 440min/d
S = 0.0002 S = 0.0002
s - 4TtuB s - 4Tth
y 2 y 2
r r
2 ) 2 .
s =4x2,900ft /dx35minx 1 S=4x2,900ft /dx25minx1
2 2
Y (21060 x 1, 440min/d (270f1) > x 1, 440min/d
S = 0.004 S = 0.003
Yy y
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Assuming b is the thickness of transmissive intervals:

2
- = 29007t /7d _
Kr =T/b = 2 6ft/d
K b%p 2
Kz - r2 - 6ft/d x (524ft) x0.06 = 1f1/d

r (270f1)
K/K =1/6 =02
Z r

First Pumping Test in Borehole UE-25c #3

A pumping test was conducted in borehole
UE-25c #3 from May to June 1984, primarily to deter-
mine the composite transmissivity of the tuffaceous
rocks penetrated by borehole UE-25¢ #3 and the trans-
missivity of the tuffs and lavas of Calico Hills at the
c-hole complex. During the test, water levels were
monitored in the pumped well, in borehole UE-25c¢ #2
(100 ft southeast of the pumped well) in borehole
UE-25c¢ #1 (224 ft northeast of the pumped well) and in

borehole UE-25p #1 (2,067 ft southeast of the pumped
well). No barometric record during this pumping test
was found in USGS files.

Procedures and Problems

The pumped well, borehole UE-25¢ #3, was
open in the tuffs and lavas of Calico Hills and the
Crater Flat Tuff, from the bottom of concrete, at a depth
of 1,368 ft, to the bottom of the borehole, at a depth of
3,000 ft (Fenix and Scisson, Inc., written commun.,
1984). A Centrilift submersible pump was emplaced in
the borehole from 1,439 to 1,484 ft below land surface,
with the pump intake at 1,454 ft below land surface
(Fenix and Scisson, written commun., 1984). A
5.5-in.-outside-diameter riser pipe extended from the
pump to the wellhead, where it was coupled to a
6-in.-diameter, steel discharge pipe with an in-line
flowmeter and an end-line orifice plate and manometer
(USGS logbook for borehole UE-25c¢ #3, unpublished).
Depth to water in the pumped well was monitored with
a Bell and Howell pressure transducer with a recording
range of 0 to 50 1b/in.2, that was suspended inside a
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Figure 17. Analytical solutions for drawdown and recovery data from borehole UE-25¢ #1 above the packers assuming an
infinite, homogeneous, anisotropic, unconfined aquifer, pumping test in borehole UE-25¢ #1, March 1984.
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2.4-in.-diameter access tube and connected at the sur-
face to a Fluke data logger (USGS logbook for bore-
hole UE-25c #3, unpublished). The calibrated depth of
the transducer was 1,420 ft below the top of the access
tube, 100 ft below the static water level inside the tube
(USGS records, unpublished).

Borehole UE-25c #2 was open in the tuffs and
lavas of Calico Hills and the Crater Flat Tuff, from the
bottom of concrete, at a depth of 1,365 ft, to the bottom
of the borehole, at a depth of about 2,990 ft (USGS log-
book for borehole UE-25¢ #3, unpublished). Depth to
water in the borehole was monitored with a Bell and
Howell pressure transducer with a recording range of
0 to 25 1b/in.2, that was connected at the surface to a
Fluke data logger. The calibrated depth of the trans-
ducer was 1,340 ft below the top of the casing, 20 ft
below the static water level in the borehole (USGS
records, unpublished).

Borehole UE-25c #1 was monitored above,
between, and below straddle packers (Fenix and
Scisson, Inc., written commun., 1984). Above the
packers, between depths of 1,371 and 1,595 ft, the
borehole was open in the nonwelded, upper part of the
tuffs and lavas of Calico Hills. Between the packers,
from 1,605 to 1,680 ft, the borehole was open in the
bedded, lower part of the tuffs and lavas of Calico
Hills. Below the packers, between depths of 1,690 and
2,962 ft, the borehole was open in the Crater Flat Tuff.
Hydraulic heads above, between, and below the pack-
ers were monitored with GRC temperature-
compensated pressure transducers with a recording
range of 0 to 2,500 1b/in.2 (USGS records, unpub-
lished). The packers and instrumentation were sus-
pended on 2.9-in.-outside-diameter plastic tubing. The
transducers were connected at the surface by water-
proofed cable to a Hewlett-Packard (HP-85) data log-
ger (USGS logbook for borehole UE-25¢ #3,
unpublished). After installation of equipment and prior
to testing, borehole UE-25c¢ #1 was shut in to minimize
barometric effects on water-level changes (USGS log-
book for borehole UE-25c #3, unpublished).

Borehole UE-25p #1, as in previous tests, was
monitored to record hydraulic head in the Paleozoic
rocks in the vicinity of the c-holes. Depth to water
inside a piezometer tube was monitored with a pressure
transducer with a recording range of 0 to 15 1b/in.2, that
was connected at the surface to a Fluke data logger.
The calibrated depth of the transducer was 1,190 ft
below the top of the piezometer tube, 9 ft below the
static water level inside the tube (USGS records,
unpublished).

Without prior development, pumping began in
borehole UE-25c #3 at 2257 on May 4, 1984, and con-
tinued until 1002 on May 14, 1984, a period of about

9.5 days (USGS logbook for borehole UE-25c¢ #3,
unpublished). The test was interrupted by a pump fail-
ure on May 9, 1984 (6,520 min into the test), that lasted
163 minutes. Prior to the pump failure, the discharge
averaged 420 gal/min, but it took 25 hours for the dis-
charge to stabilize. After the pump was restarted, the
discharge quickly stabilized at an average rate of

414 gal/min. For the entire pumping period, the aver-
age discharge rate was 418 gal/min, and a volume of
5,623,928 gallons of water was withdrawn (USGS log-
book for borehole UE-25c #3, unpublished).

In addition to the pump failure, the first pumping
test in borehole UE-25c #3 was hampered by several
other mechanical problems. Diurnal fluctuations of
1 to 4 mv in the system power supply, coupled with
Earth tides, caused daily fluctuations of water levels in
some of the boreholes. On the average, the water level
in borehole UE-25c¢ #2 was 0.35 ft higher at 0600 than
at 1700 during and after the period in which the pump
was operating; the water level in borehole UE-25c¢ #3
fluctuated 1.5 ft between 0600 and 1700 after the pump
was shut off. The transducer in borehole UE-25c #1
below the packers was inoperative during the entire
pumping test. Finally, intermittent failure of data log-
ging equipment resulted in gaps of as much as seven
days in recorded drawdown and recovery in each of the
c-holes.

As in the pumping test in borehole UE-25c #2,
turning the pump on and off during the pumping test in
borehole UE-25c #3 caused rapid, large changes in the
water level in the pumped well (fig. 18A). Ten minutes
after pumping began, the water level in borehole
UE-25c #3 had decreased 61 ft; during the pumping
failure, the water level in this borehole recovered to
within three percent of the static level; when the pump
was shut off on May 14, 1984, the water level in the
pumped well rose 67 ft in ten minutes. Maximum
drawdown in the pumped well during this test was
about 72 ft (USGS records, unpublished).

The drawdown in boreholes UE-25¢ #2 and
UE-25c #1 caused by pumping borehole UE-25c¢ #3
was much slower and smaller than in the pumped well.
The maximum drawdown in borehole UE-25c #2 was
about 1.7 ft (fig. 18B), the maximum drawdown in
borehole UE-25c¢ #1 above the packers was about 18 ft
(fig. 19A), and the maximum drawdown in borehole
UE-25c #1 between the packers was about 11 ft
(fig. 19B). The pumping did not cause a change in the
water level in borehole UE-25 p#1 that could be distin-
guished from water-level fluctuations related to Earth
tides, atmospheric pressure changes, variations in the
discharge rate, and mechanical problems (USGS
records, unpublished). The pump failure caused an
86 percent water-level recovery in borehole
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UE-25c #2, about one percent recovery in borehole 100 percent complete, recovery in borehole UE-25¢ #1
UE-25c #1 between the packers, and no discernible between the packers was 20 percent complete, and no
recovery in borehole UE-25c¢ #1 above the packers recovery had occurred in borehole UE-25c¢ #1 above
(figs. 18 and 19). On June 12, 28.9 days after the pump the packers.

was shut off, recovery in borehole UE-25¢ #2 was
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Figure 18. Drawdown as a function of time during the pump-
ing test in borehole UE-25¢ #3, May to June 1984: (A), Bore-
hole UE-25c¢ #3; (B), Borehole UE-25¢ #2 (data from
unpublished USGS records).
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Figure 19. Drawdown as a function of time in borehole UE-25c¢ #1 during the pumping test in borehole UE-25¢ #3, May to
June 1984: (A), above the packers; (B), between the packers (data from unpublished USGS records).

Test Analyses

The first pumping test in borehole UE-25c¢ #3
provided analyzable data sets from boreholes
UE-25c #3, UE-25c #2, UE-25c #1 above the packers,
and UE-25c #1 between the packers. Because of the
variable discharge rate during the first 25 hours of the
test, more weight was given in analyses to data
obtained later in the pumping phase and during the
recovery phase of the test. Based on atmospheric cor-
rections of less than 0.25 ft that were applied during the
pumping test in borehole UE-25c #2, it is believed that
failure to obtain a barometric record during the first
pumping test in borehole UE-25c¢ #3 potentially would
have affected only analyses of data from monitored

intervals where drawdown or recovery did not exceed
two feet. Thus, only analyses of data from borehole
UE-25¢ #2 and recovery data from borehole UE-25¢ #1
between the packers might have been improved by cor-
recting for atmospheric pressure change.

Analyses of the data from the pumped well, bore-
hole UE-25c¢ #3, by two methods indicated nearly iden-
tical values of transmissivity and hydraulic
conductivity. Under the assumption of an infinite,
homogeneous, isotropic, confined aquifer (Theis,
1935), a plot of residual drawdown as a function of the
log of the ratio of time since the pump was restarted to
time since pumping stopped (fig. 20) indicated the fol-
lowing:
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Figure 20. Analytical solution for residual drawdown data
from borehole UE-25¢ #3 assuming an infinite, homogeneous,
isotropic, confined aquifer, pumping test in borehole

UE-25¢ #3, May to June 1984.

Assuming b = the thickness of transmissive intervals
(table 6):

270ft2/d

Kr =T/b = 895/t

= 0.3ft/d

Flattening of a log-log plot of drawdown as a
function of time since pumping started implies that a
recharge boundary exists very close to borehole
UE-25¢ #3. Hence, the solution of Cooper (1963) was
applied to the drawdown data. Fit to the type curve for
v = 0.1, the drawdown data from borehole UE-25c #3
after the pump was restarted (fig. 21) indicated the fol-
lowing values of transmissivity and horizontal hydrau-
lic conductivity:

T= @xL(pv) _ 4ld4gal/minX l92.5ft3/dx 1

2
ans an <21 < 1gal/min - 200t /d

If b is assumed to equal the total thickness of transmis-
sive intervals in the borehole,

2
_ _ 300ft /d
K, =1sb= 899ft

= 0.3ft/d

The drawdown and recovery data obtained from
borehole UE-25¢ #2 could be interpreted to conform to
the analytical solution of either Streltsova-Adams
(1978) for a fissure-block aquifer or Neuman (1975)
for an unconfined, anisotropic aquifer. For both analy-
ses, the distance between boreholes UE-25¢ #2 and
UE-25¢ #3 (r) was considered to be the average dis-
tance between the open sections of the boreholes. Tak-
ing into account the drift of both boreholes, the average
interborehole distance was determined from gyro- -
scopic surveys to be 95 ft.

For the analytical solution of Streltsova-Adams
(1978), the parameter 1/B was estimated as follows:

1. Half the average distance between fractures in
transmissive intervals (from Supplementary
Data section) = 1.7 ft

2. Log-mean matrix hydraulic conductivity (from
pl. 2) =0.0004 ft/d

3. Transmissivity (from the slope of late-time dataon
a plot of recovery as a function of time during
this pumping test) = 25,000 ft%/d

r r

r_ 95ft

B -
JTI(L" 25, 000f>/d x 1.7ft
b 0.0004f1/d

= 0.009

Fit to the type curve for | = 10 and /B = 0.05, the
drawdown data from borehole UE-25¢ #2 after the
pump was restarted (fig. 22) indicated the following
values of transmissivity (T), fracture storativity (Sp),
block storativity (S,), fracture hydraulic conductivity
(Kj), and block hydraulic conductivity (K,):

3
_ OxW(0) _ 414gal/minx192.5fr /dx1 _ 2
T = s = 4nx02fix igal/min - 2000 /d
T _ 29,000f°/d
Kf= B = —m—— = 50ft/d
4T, 4 x 29, 000, 2/d 0.49mi
s, = At _ 4x29, 0007t /dx0.39min _ 4,004

LN (95ft)2xlxl,440min/d

S, =S,x(M-1) = 0.004x (10-1) = 0.04

b= °f
r—
L =005
=I5B _
B =505 = oos = OO
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Figure 21. Analytical solution for drawdown data from borehole UE-25¢ #3 assuming an infinite, homogeneous, isotropic,
confined aquifer with leakage from a confining unit without storage, pumping test in borehole UE-25¢ #3, May to June 1984.
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2 UE-25c #1 applied, also, in UE-25c #2. Consequently,

K, = DX o 200N TN - g011/d values of vertical hydraulic conductivity (K,), horizon-
B (1, 900/ tal hydraulic conductivity (K,), and the parameter 8 in

For the analytical solution of Neuman (1975), it  the first pumping test in UE-25¢ #3 were estimated for

was assumed that the vertical hydraulic-conductivity borehole UE-25c #2 as follows:
profile determined by injection tests in borehole

b
4 ] b

X%
i=1

]

= 1, 625
Kz ~ (70/2+55/0.6 +135/0.4 +80/0.2 +250/0.08 + 345/0.05 + 145/0.03 + 175/0.01 + 105/0.008 + 190/0.005 + 75/0.003)

Kz = 0.015ft/d

i
ZK.b.
11

_i=1
K, =1 =0—

k = (10X2+55x06+135x0.4 +80x0.2 +250 X 0.08 + 345 x 0.05 + 145 x 0.03 + 175 x 0.01 + 105 x 0.008 + 190 x 0.005 +75 x 0.00
. 1,625

K_=0.18fr/d
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Assuming b = the thickness of transmissive intervals
in borehole UE-25c #2:
2

K ooispvdx osm® _ 0

5 .003
Kb"  0.18f1/dx (544fr)

B =

Fit to the type curve for 8 = 0.004, the drawdown data
from borehole UE-25c #2 after the pump was restarted
(fig. 23) indicated the following values of transmissiv-
ity (7), storativity (S), specific yield (S,), horizontal
hydraulic conductivity, vertical hydraulic conductiv-
ity, and anisotropy (K/K,):

OXW Ky kp B
T =
4ns

_ 414gal/min x 192.5ft3/dx 1

2
= 23, 000, d
4rx 0.27ft X 1gal/min 3,000t/

_ ATy 4x 23,000 /dx 0.6minx 1 _

§=— 7 0.004
. (95f9) “ x 1, 440min/d
ATy 423 000f%/dx9.Tminx 1
Sy=—52 = z = 007
r (95ft) x1,440min/d

Assuming b = thickness of transmissive intervals:

23,0007%/d

Kr=T/b= Saafs

= 40ft/d

2
_ K5 B sonsax (saamm®x0.004

K =
z
2 (95ft)2
Kz = 5ft/d
_ 5ft/d _
Kz/Kr = 40—ft/d = 0.1

Both the drawdown data from borehole
UE-25c¢ #1 above the packers and the recovery data
from borehole UE-25c #1 between the packers unam-
biguously conform to type curves of Neuman (1975)
for an unconfined, anisotropic aquifer (figs. 24 and 25).
From a heat-pulse flowmeter survey done in December
1991, it was estimated that tuffaceous rocks above the
packers contribute four percent of the discharge from
the entire thickness of rocks below casing and concrete
in borehole UE-25c¢ #1, and tuffaceous rocks between
the packers contribute 0.5 percent of this discharge.
Therefore, for the interval above the packers the fol-

lowing values of transmissivity (7) and specific yield
(S,) were calculated:

e Q2x W(uA, hp B) ) [0.04 x 418gal/min x 192.5f¢" /d) x

4rns (4nx 4.5f1) X 1gal/min

_ Mg 4x60fr°/dx 480minx 1 _

Y= "3 > ‘ 0.001
r (256ft) x 1440min/d

N

For the interval between the packers, the following
values of transmissivity and specific yield were calcu-
lated:

. QxW(uA, Hp B) _ (0.005x418ga1/minx 192.5fz3/d)x1

4ns (4n % 0.74f1) x 1gal/min

_ g 4xa0f’/dx 1, 100minx 1 _

Y= "3 > . 0.002
r (259f1) x1,440min/d

S

From the drawdown data and thickness of transmis-
sive intervals above the packers,

B = rz/bzsz/Kr = 4.0

2 2
K /K, = 40xb” _ 4.0x (182};) .
r (256ft)

Fracture data from between the packers were
insufficient to calculate unequivocally the thickness of
transmissive intervals between the packers. Therefore,
average values of horizontal hydraulic conductivity
(K,) and vertical hydraulic conductivity (X,) were cal-
culated for the Calico Hills aquifer (the intervals above
and between the packers in borehole UE-25c¢ #1) by
assuming that the value of anisotropy (K/K,) obtained
above the packers applies, also, to the interval between
the packers.

Adding the transmissivity values for the intervals
above and between the packers gives a composite
transmissivity of 100 ft?/d for the Calico Hills aquifer.
Dividing this transmissivity value by the known thick-
ness of transmissive intervals above and between the
packers, 198 ft, gives a horizontal hydraulic conductiv-
ity value of 0.5 ft/d for the Calico Hills aquifer. If
K /K, =2, then the vertical hydraulic conductivity of
the Calico Hills aquifer=2 K, =2 x 0.5 f/d = 1 ft/d.
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Injection Test in Borehole UE-25c #2

An injection test was conducted in borehole
UE-25¢ #2 from 1351 to 1520 on October 30, 1984, to
ascertain hydrologic properties of an interval in bore-
hole UE-25c¢ #2 that was thought to contain very per-
meable rock (the Bullfrog aquifer). The injection test
was conducted using monitoring equipment installed
for a pumping test in borehole UE-25¢ #3 that began
156 minutes after the injection test ended.

In the injection well, borehole UE-25c¢ #2, strad-
dle packers were installed on a 2.9-in-diameter plastic
tube to isolate the Bullfrog aquifer (Fenix and Scisson,
Inc., written commun., 1984). The interval between
the packers extended from 2,364 to 2,475 ft below the
land surface. Above the packers, from 1,365 to
2,355 ft below the land surface, the borehole was open
in the Calico Hills aquifer, the Prow Pass-upper Bull-
frog aquifer, and confining units between and below the
two aquifers. Below the packers, from 2,484 to
2,990 ft below land surface, the borehole was open in
the Tram aquifer and the overlying confining unit.
Hydraulic heads above, between, and below the pack-
ers were monitored with GRC temperature-compen-
sated, pressure transducers with recording ranges of
0to 2,500 and 0 to 5,000 Ib/in.2, that were connected at
the surface to a HP-85 data logger (USGS logbook for
the c-holes, 1984-1985, unpublished). During the test,
water was injected between the packers from a Baker
tank to maintain a constant pressure head of 778 ft
(USGS records, unpublished). Because the injection
rate quickly stabilized at 167 gal/min (USGS logbook
for the c-holes, 1984-198S5, unpublished), what was
intended to be a constant-head test was converted to a
constant-flux test, and the effects of this flux were mon-
itored in borehole UE-25¢ #1, UE-25¢ #2, and
UE-25¢ #3 (Devin L. Galloway, USGS, oral commun.,
1993).

Borehole UE-25¢ #1 was monitored above,
between, and below straddle packers hung on a
2.9-in.-diameter plastic tube (Fenix and Scisson, Inc.,
written commun., 1984). Above the packers, from
1,371 to 2,514 ft below land surface, the borehole was
open from the Calico Hills aquifer to the top of the
Bullfrog aquifer. Between the packers, from 2,524 to
2,594 ft below land surface, the borehole was open in
the Bullfrog aquifer. Below the packers, from 2,603 to
2,962 ft below land surface, the borehole was open in
the Tram aquifer and overlying confining unit.
Hydraulic heads in borehole UE-25¢ #1 were moni-
tored with GRC temperature-compensated, pressure
transducers with recording ranges of 0 to 2,500 and
0 to 5,000 Ib/in.2, that were connected at the surface to
a HP-85 data logger (USGS logbook for the c-holes,

1984-1985, unpublished). Before the test began, bore-
hole UE-25c¢ #1 was shut in to minimize barometric
effects.

Borehole UE-25c #3 was open in the tuffs and
lavas of Calico Hills and the Crater Flat Tuff, from the
bottom of concrete, at a depth of 1,368 ft, to the bottom
of the borehole, at a depth of 2,976 ft. The pump instal-
lation was the same as it was in the May-June 1984
pumping test in borehole UE-25¢ #3. Depth to water in
the borehole was monitored with a Bell and Howell
pressure transducer with a recording range of
0 to 50 Ib/in.2, that was suspended inside a 2.4-in.-
diameter access tube and connected at the surface to a
Fluke data logger (USGS logbook for the c-holes,
1984-1985, unpublished). The calibrated depth of the
transducer was 1,320 ft below the top of the access
tube, 100 ft below the static water level inside the tube
(USGS records, unpublished).

Injection of water between the packers in bore-
hole UE-25c¢ #2 caused the water level to rise about
4.0 ft in borehole UE-25c¢ #2 above the packers
(fig. 26), 0.7 ft in borehole UE-25c¢ #1 between the
packers, 0.1 ft in borehole UE-25¢ #1 above and below
the packers, and 0.4 ft in borehole UE-25c #3 (fig. 27).
After injection ended, water-level recovery to pre-test
static levels was complete in all monitored intervals in
boreholes UE-25c¢ #1 and UE-25c¢ #3 within 90 min-
utes. However, in borehole UE-25c¢ #2, water level
recovery above the packers was only 69 percent com-
plete when a pumping test began in borehole
UE-25c #3, 156 minutes after injection ended. As indi-
cated in figure 26, residual drawdown from the injec-
tion test is estimated to have had an effect on the water
level in borehole UE-25¢ #2 above the packers for the
first 515 minutes of the pumping test. Possibly because
injection changed fracture apertures in the injection
interval, the hydraulic head between the packers was
1.6 ft lower than the pre-injection test static level and
still falling when the pumping test in borehole
UE-25c¢ #3 started (fig. 27). Post-pumping test data
indicate that the hydraulic head between the packers
probably would have stabilized asymptotically with
time at a level about 2.5 ft lower than before the injec-
tion test started, had the pumping test in borehole
UE-25c¢ #3 not been conducted.

Most of the data from the injection test were not
analyzed. The head build-up in borehole UE-25c #2
above the packers (fig. 26) was erratic and indicative of
possible mechanical problems. The head build-up in
borehole UE-25¢ #1 above and below the packers
(fig. 27) was insignificant. Although the head build-up
in borehole UE-25¢c #1 between the packers (fig. 27)
was large and steady enough to be analyzed, the data
were considered less reliable than recovery data
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Figure 26. Water-level changes in borehole UE-25¢ #2 during and after injection of water between packers on October 30, 1984.
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Figure 27. Water-level changes in boreholes UE-25c #1 and UE-25c¢ #3 in response to injection of water into borehole
UE-25¢ #2, October 30, 1984.
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obtained from the same interval during the subsequent
pumping test in borehole UE-25¢ #3. Consequently,
the data from UE-25c¢ #1 between the packers were not
analyzed. Only the data from borehole UE-25¢ #3
were analyzed because no comparable data were
obtained from this borehole in any other constant-flux
tests (This was the only test in which borehole
UE-25c #3 was used as an observation well).

The composite transmissivity (7), storativity (S),
and hydraulic conductivity (K,) of the tuffaceous rocks
in borehole UE-25c¢ #3 could be determined from the
head build-up data shown in figure 27 assuming an infi-
nite, homogeneous, isotropic, confined aquifer. Using
the method of Cooper and Jacob (1946) and equations
12 and 13, the following calculations were made:

3
_ 230 _ 23x167gal/minx192.5f"/d _ 2
T dmAs, ~ dmx (040-023)frx 1gal/min 35, 000ft /d
225T!, 525 % 35, 000f°/d X 0.42min
S = 3 = > = 0.002
. (95f1)“ x 1, 440min/d

Assuming b to be the thickness of transmissive inter-
vals:

35, 000f¢>/d

sor = 4/d

K =T/b =
r

Values of transmissivity and hydraulic conduc-
tivity determined for the rocks in borehole UE-25¢ #3
from the injection test are two orders of magnitude
larger than values determined from the drawdown in
borehole UE-25c¢ #3 during the pumping test in this
borehole in May-June 1984. Yet, the transmissivity
determined from the pumping test in borehole
UE-25c #3 is the same, to one significant figure, as the
composite transmissivity determined in borehole
UE-25c #1 from fluid-injection tests (261 ft?%/d). Larger
values of transmissivity and hydraulic conductivity
apparently are determined as the radius of investigation
expands and encompasses more conduits for ground-
water flow, such as faults and fracture zones. Cross-
hole tests indicate site-scale hydrologic properties,
whereas single-well tests indicate hydrologic proper-
ties within a small radius of the pumping or injection
well. Consequently, the remainder of this report
emphasizes analyses of data obtained from observation
wells.

Second Pumping Test in Borehole UE-25¢ #3

A second pumping test was conducted in bore-
hole UE-25¢ #3 from October-December 1984, prima-
rily to determine vertical and lateral variations in
hydrologic properties of the Crater Flat Tuff. In addi-
tion to the monitoring network for the injection test
described in the previous section, a piezometer was
monitored in borehole UE-25p #1, and a recording
barometer was maintained at borehole USW H-4.
Because the piezometer record from borehole
UE-25p #1 indicated an erratic but progressive increase
in hydraulic head throughout the entire two weeks that
borehole UE-25¢ #3 was pumped, it is believed that the
transducer installed in borehole UE-25p #1 was miscal-
ibrated or malfunctioned during this pumping test. The
barometric record obtained at borehole USW H-4
(fig. 28) was not used to correct drawdown data,
because head changes in the c-holes were considered
large enough that atmospheric pressure changes proba-
bly would have had little or no effect on data analyses.

Procedures and Problems

Pumping in borehole UE-25¢ #3 began at 1756
on October 30, 1984, and continued until 1342 on
November 15, 1984, a period of about 15.8 days

"(USGS records, unpublished). The test was interrupted

by an 8.3 minute pump failure on November 2, 1984
(3,839 minutes into the test), which caused a 97 percent
recovery of the water level in the pumped well but only
slight (4-8 percent) recovery in monitored intervals of
boreholes UE-25¢ #1 and UE-25c¢ #2 (USGS records,
unpublished). During the first few hours of the test, the
discharge rate varied from 400 to 410 gal/min, but for
most of the test, the discharge rate varied from 422 to
429 gal/min (USGS logbook for the c-holes, 1984—
1985, unpublished). At an average discharge rate of
425 gal/min, a volume of 9,675,942 gallons of water
was withdrawn during the test (USGS logbook for the
c-holes, 1984-198S, unpublished).

In addition to the pump failure, the second pump-
ing test in borehole UE-25¢ #3 was hampered by sev-
eral other mechanical problems and the short interval
between the injection test in borehole UE-25¢ #2
described previously and the pumping test. The trans-
ducer in borehole UE-25c #2 below the packers was
inoperative for the entire pumping test, and the trans-
ducer in borehole UE-25¢ #1 between the packers
intermittently gave spurious readings (USGS logbook
for the c-holes, 19841985, unpublished; USGS
records unpublished). During the first few days of the
test, the discharge meter was slightly inaccurate
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Flgure 28. Atmospheric pressure at borehole USW H-4 during the pumping test in borehole UE-25¢c #3, October to

December 1984.

because of leakage through a fitting in the discharge
line (USGS logbook for the c-holes, 1984-1985,
unpublished). Oscillations in the power supply cou-
pled with Earth tides caused diurnal fluctuations in
recorded drawdown (USGS records, unpublished).
Problems with data loggers caused intermittent losses
of drawdown and recovery data (USGS logbook for the
c-holes, 1984—1985, unpublished). In borehole
UE-25c #2 above the packers, a 13-ft head decrease
followed by a 7-ft head increase occurred as borehole
UE-25c #3 was being pumped. Regardless of whether
the head increase during pumping resulted from ante-
cedent effects of the preceding injection test, changing
hydrologic conditions during pumping (e.g. boundary
effects), or a transducer malfunction, the entire record
from borehole UE-25¢ #2 above the packers is suspect.
Consequently, this record could not be analyzed to
determine hydrologic properties. Finally, antecedent
drawdown from the injection test required a correction
to the recorded drawdown data from borehole
UE-25¢ #2 between the packers for these data to be
used to calculate hydrologic properties. The anteced-
ent drawdown trend was estimated by extrapolation
between drawdown values recorded prior to pumping
and apparent steady-state drawdown values obtained
23.7 days after pumping ceased.

As in the first pumping test in borehole
UE-25c #3 (fig. 18A), turning the pump on and off dur-

ing the second pumping test in this borehole caused
rapid, large changes in the water level in the pumped
well (fig. 29). Ten minutes after pumping began, the
water level in borehole UE-25¢ #3 had decreased 61 ft;
when the pump was turned off, the water level rose
about 65 ft in ten minutes. Maximum drawdown in the
pumped well during this test was about 65 ft (USGS
records, unpublished).
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Figure 29. Drawdown as a function of time in borehole
UE-25¢ #3 during the pumping test in borehole UE-25¢c #3,
October to December 1984.
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The drawdown in monitored intervals of bore-
hole UE-25c #1 caused by pumping borehole
UE-25¢ #3 was much slower and smaller than in the
pumped well (USGS records, unpublished). The max-
imum drawdown in borehole UE-25¢c #1 above the
packers was about 1.1 ft; the maximum drawdown
between the packers was about 2.2 ft; and the maxi-
mum drawdown below the packers was about 3.15 ft
(fig. 30). Water-level recovery in the pumped well was

complete 444 minutes after pumping ceased (fig. 29),
but complete recovery in monitored intervals of bore-
hole UE-25c¢ #1 required 20.7 to 21.7 days (fig. 30).

Similar to borehole UE-25c #1 between the
packers, the maximum drawdown in borehole
UE-25c¢ #2 between the packers after correcting for
residual drawdown from the injection test was about
2.3 ft (USGS records, unpublished). Complete recov-
ery in borehole UE-25¢ #2 between the packers
occurred 23.7 days after pumping ceased (fig. 31).
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Figure 30. Drawdown as a function of time in borehole UE-25¢c #1 during the pumping test in borehole UE-25c #3, October to
December 1984.
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Figure 31. Drawdown as a function of time in borehole UE-25¢ #2 between the packers during the pumping test in borehole
UE-25c #3, October to December 1984, with residual drawdown from a preceding injection test subtracted.
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Test Analyses

The second pumping test in borehole UE-25¢ #3
produced analyzable data sets from boreholes
UE-25¢ #3, UE-25c #2 between the packers, and
UE-25c #1 above, between, and below the packers.
Analyses of the data from the pumped well, borehole
UE-25c¢ #3, produced nearly identical results as analy-
ses of data from this borehole obtained during the first
pumping test in the borehole. To avoid redundancy,
analyses of data from the pumped well obtained during
the second pumping test in the borehole are not dis-
cussed further in this report. The remaining data sets
are discussed with respect to the hydrogeologic inter-
vals tested, instead of by borehole.

- Qx w( Ry bp B) _ (0.125 x 425gal/min x 192.5ft3/d) x1

For drawdown and recovery data from borehole
UE-25c #1 above the packers, the pumping test in bore-
hole UE-25c¢ #2 indicated that using the analytical solu-
tion of Neuman (1975) for an unconfined aquifer and
matching the data curve to the type curve for B = 0.06
provided the most reasonable calculations of hydro-
logic properties. Therefore, in the second pumping test
in borehole UE-25¢ #3, drawdown data from borehole
UE-25c #1 above the packers again were matched to
the type curve of Neuman (1975) for B = 0.06 (fig. 32),
and the following values of transmissivity (7), storativ-
ity (S), specific yield (S,), horizontal hydraulic conduc-
tivity (K,), vertical hydraulic conductivity (K,), and
anisotropy (K/K,) were calculated:

= 3,900f%/d

ans (@x X 0.21fr) X 1gal/min
4T: 2 .
S = 2”A _ 4x3,9oo;;t /dx6.1minX1 _ o 0ono
r (267f1) “ x 1, 440min/d
ATiE 43,9006 /dx 80minx 1
Sy=—5— = 2 = 0.01
r (267fr) x1,440min/d
3 900ft2/d
Kr=T/b=52—8ft=7ft/d
2 2
Kb B f7dx|528ft" | x0.06
KZ =—5 = = 2ft/d

r

( 2677 )

K/K =2/7=03
o
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Figure 32. Analytical solution for drawdown data from borehole UE-25¢ #1 above the packers assuming an infinite, homoge-
neous, anisotropic, unconfined aquifer, pumping test in borehole UE-25¢ #3, October to December 1984.

The average transmissivity of the Prow Pass-
upper Bullfrog aquifer was estimated to equal the aver-
age transmissivity of the rocks in borehole UE-25c¢ #1
above the packers minus the transmissivity of the
Calico Hills aquifer, which was calculated as follows:

Transmissivity

(12/d)

UE-25c¢ #1 above packers, pumping test in 2,900
borehole UE-25¢ #2

UE-25c¢ #1 above packers, second pumping 3,900
test in borehole UE-25¢ #3

UE-25c¢ #1 above packers, average 3,400
Calico Hills aquifer -100
Prow Pass - upper Bullfrog aquifer 3,300

The average horizontal hydraulic conductivity of the
Prow Pass-upper Bullfrog aquifer, then, would be
3,300 ft%/d divided by 326 ft of transmissive rocks,
which equals 10 ft/d. Multiplying the average hori-
zontal hydraulic conductivity of the Prow Pass-upper
Bullfrog aquifer by the average anisotropy in borehole

UE-25c #1 above the packers, 0.2, indicates an aver-
age vertical hydraulic conductivity of 2 ft/d for the
Prow Pass-upper Bullfrog aquifer.

As in the above calculations, the average specific
yield of the Prow Pass-upper Bullfrog aquifer was esti-
mated to equal the average specific yield of the rocks in
borehole UE-25c #1 above the packers minus the spe-
cific yield of the Calico Hills aquifer, which was calcu-
lated as follows:

Specilfic yleld
UE-25c #1 above packers, pumping test in 0.004
borehole UE-25¢ #2
UE-25c¢ #1 above packers, second pumping .01
test in borehole UE-25¢ #3
UE-25c¢ #1 above packers, average 0.007
Calico Hills aquifer -.003
Prow Pass-upper Bullfrog aquifer .004

Recovery data obtained from boreholes
UE-25c¢ #1 and UE-25c #2 between the packers, both,
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conform to the type curve of Theis (1935) for an infi-
nite, homogeneous, isotropic, confined aquifer (figs. 33
and 34) and indicate hydrologic properties for the
Bullfrog aquifer. Based on heat-pulse flowmeter sur-
veys done in December 1991, it was assumed that
29.5 percent of the flow in rocks below casing and con-

UE-25c¢ #1 Between Packers

7o 2XW(
4ns

(0.295 x 425gal/min x 192.5ft3/d) x1
- (4r x 0.23f1) x 1gal/min

T = 8,400f°/d
s =8

_ 4x8, 400f1%/d x 7.0min x 0.1

§ 2

(280f1) ~ x 1,440min/d
S = 0.0002
Kr =T/b

2
_ 8,400ft/d _
K, 7o 100ft/d

crete in borehole UE-25¢ #1 and 14 percent of the flow
in rocks below casing and concrete in borehole
UE-25c¢ #2 come from the packed-off intervals in these
boreholes. The following calculations of transmissiv-
ity (7), storativity (S), and horizontal hydraulic conduc-
tivity (K,) were made:

UE-25c¢ #2 Between Packers

= 2XWQ
4ns

(0.14 x425gat/minx 192.50° 7 ) x 1
- (4nx0.221) x 1gal/min

T = 4,100f/d
r

= 4x4, 100ft2/d X 5.6min x 0.1

S 2
(92ft) % 1440min/d
S = 0.0008
K =T/b
r

2
_ 4,100ft /d _
K, = 2 = 6ofi/d
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Figure 33. Analytical solution for recovery data from borehole UE-25c #1 between the packers assuming an infinite, homoge-
neous, isotropic, confined aquifer, pumping test in borehole UE-25¢ #3, October to December 1984.

Because of uncertainty regarding the estimate of flow
contributed by rocks between the packers, calculated
values of hydrologic properties presumably bracket
the actual values.

Drawdown data obtained from borehole
UE-25c #1 below the packers reveal the influence of
fault boundaries on the Tram aquifer. Drawdown
below the packers became essentially constant after
about 5,000 minutes of pumping, indicating a constant
flux to the Tram aquifer from that point until pumping
ceased. The two faults that are shown in figure 7 cut-
ting the Tram aquifer at the c-hole complex probably
are the source of the water recharged to the aquifer dur-
ing pumping. As discussed previously, a constant flux
from a fault is analogous to constant leakage from a
confining unit without storage. Hence, the drawdown
data from borehole UE-25c¢ #1 below the packers were
matched to the type curve of Cooper (1963) for v=0.02
(fig. 35), and values of transmissivity (7), storativity
(8), and horizontal hydraulic conductivity (K,) were
then calculated. Based on a heat-pulse flowmeter sur-
vey done in December 1991, it was estimated that

58 percent of the flow from rocks below casing and
concrete in borehole UE-25¢ #1 comes from the inter-
val that was below the packers during this pumping
test. The following calculations were made:

r QxL(pv) (0.58x425gal/minx 192.5ft3/d)x 1

4ns (4n % 0.48ft) X 1gal/min
2 2 -
S = 4Tt/r  _ 4x7,900ft /dx0.00012min/ft  _ 0.003
1/p 1x 1, 440min/d ’
7,900 tz/d
Kr =T/b = 20877 = 40ft/d

As a check on the assumptions made regarding
the percentage of flow contributed from rocks in bore-
hole UE-25c #1 above, between, and below the pack-
ers, values of transmissivity, storativity, and hydraulic
conductivity obtained for each interval from the second
pumping test in borehole UE-25¢ #3 were added or
averaged, as appropriate, and compared to composite
values of hydrologic properties obtained from bore-
holes UE-25¢ #2 and UE-25c #3 during the first pump-
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ing test in borehole UE-25¢ #3 and the injection test in
borehole UE-25¢ #2. As indicated in table 9, compos-
ite values of transmissivity = 20,000 ft*/d, storativity =
0.004, horizontal hydraulic conductivity = 30 ft/d, and
vertical hydraulic conductivity = 2 ft/d calculated for
borehole UE-25c¢ #1 compare favorably with compos-
ite values of transmissivity, storativity, and hydraulic
conductivity obtained for rocks in boreholes

UE-25c¢ #2 and UE-25c¢ #3. Therefore, calculations of
hydrologic properties of the four aquifers penetrated by
borehole UE-25¢ #1 can be considered reasonable esti-
mates.

SUMMARY AND CONCLUSIONS

Fluid-injection and pumping tests conducted in
1983 and 1984 in boreholes UE-25c¢ #1, UE-25c¢ #2,
and UE-25c #3 (the c-holes) on the east side of Yucca
Mountain, Nev., were analyzed and interpreted in the
context of other hydrogeologic information obtained
from lithologic logs, borehole geophysical logs, core
permeameter tests, and borehole flow surveys.

The c-holes, each of which is about 3,000 ft
deep, are 100 to 251 ft apart at the surface. The three
boreholes are completed in a 5,000-ft-thick sequence
of Miocene tuffaceous rocks that is underlain by
Paleozoic carbonate rocks and transected by high-
angle, north-northeasterly and northwesterly striking
faults. The contact between the Miocene and Paleozoic
rocks generally is believed to be a detachment fault,
into which the north-northeasterly striking faults merge
listrically. A pumping test conducted in borehole
UE-25c #2 indicated hydraulic connection between the
Miocene and Paleozoic rocks, possibly through the net-
work of faults cutting these rocks.

The depth to water at the c-hole complex ranges
from 1,312 to 1,320 ft below land surface. The c-holes
are open in the saturated zone below an average depth
of about 1,370 ft from the land surface. Each of the
c-holes is open in the tuffs and lavas of Calico Hills and
the Prow Pass, Bullfrog, and Tram Members of the
Crater Flat Tuff. These geologic units consist mostly
of nonwelded to densely welded ash-flow tuff with
interlayered ash-fall tuff and volcaniclastic rocks. A
tuff breccia occurs in the Tram Member where the unit
is transected by the Paintbrush Canyon Fault and
another high-angle, north-northeasterly striking fault.

Tectonic and cooling fractures pervade the tuf-
faceous rocks penetrated by the c-holes, although frac-
tures are distributed unevenly, and intervals range from
unfractured to very fractured. Because of the fault
brecciation, fracture frequency is greatest in the Tram
Member. The bedded zone of the tuffs and lavas of
Calico Hills, also, is very fractured. On the average,

moderately to densely welded zones of the Prow Pass
and Bullfrog Members are more fractured than bedded
zones which, in turn, are more fractured than non-
welded to partially welded zones. Most fractures strike
approximately south and dip westward at angles of
50°-87°. The least common fractures strike generally
east or west, and many of these are shallow-dipping or
mineralized. ’

Within the saturated zone open to the c-holes, the
tuffaceous rocks display layered heterogeneity. Per-
meameter tests indicate a vertical range in matrix per-
meability of 0.001 to 20 mD, with slightly larger
permeability horizontally than vertically. Falling-head
and pressure-injection tests in borehole UE-25c #1
indicate a vertical range in hydraulic conductivity of
0.003 to 2 ft/d. The average hydraulic conductivity in
the horizontal direction in borehole UE-25c #1 is
0.2 ft/d, whereas the average hydraulic conductivity in
the vertical direction is 0.02 ft/d.

Fluid-injection tests and single-well pumping
tests in boreholes UE-25c #1 and UE-25¢ #3 indicate a
composite transmissivity of about 300 ft¥d for the tuffs
and lavas of Calico Hills and the Crater Flat Tuff.
However, multiple-well, constant-flux tests in the
c-holes indicate that single-well injection and with-
drawal tests are not reliable indicators of site-scale
hydrologic properties. For the entire thickness of rocks
below casing and concrete in a borehole, cross-hole
tests generally indicate values of transmissivity and
hydraulic conductivity that are about two orders of
magnitude larger than values obtained in single-well
tests. This dependence of results on the radius of inves-
tigation can be interpreted as an effect of encompassing
more conduits for ground-water flow, such as faults or
fracture zones, as a larger volume of aquifer is investi-
gated.

In the c-holes, eleven transmissive intervals were
identified on the basis of fracture and matrix perme-
ability distributions, borehole resistivity, temperature,
and caliper logs, and heat-pulse flowmeter and trace-
jector surveys. The heat-pulse flowmeter surveys indi-
cated downward flow in the upper parts and upward
flow in the lower parts of boreholes UE-25¢ #1 and
UE-25¢ #2, but upward flow through the entire sur-
veyed section of borehole UE-25¢ #3 (below a depth of
about 1,500 ft). The eleven transmissive intervals at
the c-hole complex were grouped for purposes of
investigation and discussion into four informal aquifers
with intercalated confining units. In descending order,
the four aquifers are the Calico Hills, Prow Pass-upper
Bullfrog, Bullfrog, and Tram.

The Calico Hills aquifer is unconfined and aniso-
tropic. The aquifer has a transmissivity of 100 ft*/d, a
specific yield of 0.003, a horizontal hydraulic conduc-
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tivity of 0.5 ft/d, and a vertical hydraulic conductivity
of about 1 ft/d.

The Prow Pass-upper Bullfrog aquifer may be
either an unconfined, anisotropic aquifer or a fissure-
block aquifer. If unconfined, the aquifer has an average
transmissivity in pumping tests of 3,300 ft%/d, a specific
yield of 0.004, a storativity, combined with the Calico
Hills aquifer, of 0.0005, a horizontal hydraulic conduc-
tivity of 10 ft/d, and a vertical hydraulic conductivity of
2 ft/d.

The Bullfrog aquifer is confined, nonleaky, and
isotropic. The aquifer has a transmissivity that in bore-
hole UE-25c¢ #1 was determined to be 8,400 ft%/d and in
borehole UE-25c¢ #2 was determined to be 4,100 ft2/d.
Assuming the larger value to be correct, the aquifer has
a storativity of 0.0002, and a hydraulic conductivity of
100 fv/d.

The Tram aquifer, although confined, is
recharged by leakage from faults. The aquifer has a
transmissivity of 7,900 ft?/d, a storativity of 0.003, and
a hydraulic conductivity of 40 ft/d.

Composite values of hydrologic properties deter-
mined for rocks in borehole UE-25c¢ #1 by adding or
averaging interval values, as appropriate, compare
favorably with composite values determined by moni-
toring borehole UE-25c¢ #2 during a pumping test in
borehole UE-25 c#3 and by monitoring borehole
UE-25c #3 during an injection test in borehole
UE-25c #2. For the entire thickness of rocks pene-
trated by the c-holes, transmissivity was determined to
be between 20,000 and 35,000 ft?/d, storativity was
determined to be between 0.002 and 0.004, horizontal
hydraulic conductivity was determined to be between
30 and 40 ft/d, and vertical hydraulic conductivity was
determined to be between 2 and 5 ft/d.
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