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Hydraulic Properties of a Fractured-Rock
Aquifer, Lee Valley, San Diego County,

California

By Charles A. Kaehler and Paul A. Hsieh

Abstract

Lee Valley is a 2.25-square-
mile basin in mountainous gra-
nitic terrane about 18 miles east
of San Diego, California. Water
supply in Lee Valley, whose set-
ting is typical of much of eastern
San Diego County, is derived
entirely from ground water in a
fractured-rock aquifer.

The aquifer in Lee Valley
consists of three zones. From
top to bottom, they are (1) rego-
lith, composed primarily of
weathered granodiorite and fine-
grained gabbro; (2) a transition
zone of highly fractured and
partly weathered rock; and (3)
unweathered bedrock that is
fractured to various degrees.
The fluctuation of water levels
in wells penetrating the three
zones indicates that they form a
dynamic, interactive, ground-
water flow system.

The reported yields of wells
drilled in Lee Valley are charac-
teristic of fractured-rock aquifers
with a high degree of heterogene-
ity. Yields generally are low (me-
dian is 15 gallons per minute), but
a few high-yielding wells (greater
than 100 gallons per minute) have
been reported. Areal distribution
of well yields does not show any

discernible pattern, and wells
located near one another can have
large differences in yield. There is
some evidence that wells drilled
near lineaments are likely to yield
larger quantities of water than
wells drilled at some distance
from lineaments.

Aquifer tests were done at
five sites to determine the hy-
draulic properties of the frac-
tured-rock aquifer. These tests
were designed to take into ac-
count the heterogeneous nature
of the aquifer—in particular, the
possible presence of regions of
low or high hydraulic conduc-
tivity surrounding the pumped
or observation wells. On the
basis of these tests, the horizon-
tal hydraulic conductivity of the
regolith was determined to be
about 1x10~* feet per second,
and its vertical hydraulic con-
ductivity was about one-fifth of
the horizontal. For the transition
zone, horizontal hydraulic con-
ductivity ranged from 3x1076 to
4x107 feet per second. Where
the transition zone was locally
confined, the vertical hydraulic
conductivity seemed to be lower
than the horizontal hydraulic con-
ductivity. The reverse was found
where the transition zone showed
water-table drainage. This ob-

servation may be explained by
the requirement that a large
number of vertical fractures be
present in order for a water
table to exist. The hydraulic
conductivity of the unweathered
bedrock seems to be highly
variable, ranging from near zero
(at wells with nonproductive
bedrock) to 7x1077 feet per
second. However, no tests were
done in wells drilled near linea-
ments. Bedrock penetrated by
wells near or on lineaments prob-
ably would show substantially
higher hydraulic conductivities.

Specific yields determined
from aquifer tests were about
1x1072 for the regolith and
6x1073 to 2x1072 for the transi-
tion zone. Specific storage
ranged from 1x1070 to 4x107>
per foot for the transition zone
and was 2x10~7 per foot for the
bedrock.

Recharge to the aquifer
primarily is from infiltration of
precipitation. Ground water
flows from the north, west, and
east sides of the valley toward
Jamul Creek, which drains the
valley floor. Discharge of
ground water occurs by pump-
ing, as stream base flow, and as
evapotranspiration, principally
by oak trees that tap the water

Abstract 1



table along Jamul Creek. For water year 1988
(October 1, 1987, to September 30, 1988), re-
charge to the ground-water system is estimated to
have been 160 acre-feet, and the volume of water
in storage in the aquifer to have been 640 acre-
feet. Because of annual variations in precipitation,
recharge may vary significantly from year to year.
Thus, recharge commonly is greater or less than
discharge for a given water year; the difference is
made up by change in storage. If below-average
recharge were to occur over a period of several
years, especially in combination with increased
use of ground water, a substantial depletion of
ground water in storage could result within about
a decade.

INTRODUCTION

Residents of eastern San Diego County rely
almost entirely on the local ground water for their
water supplies. Most of the water is pumped from
individual wells that tap the underlying fractured-rock
aquifer. As a result of a growing population in this
area, an increasing demand is being placed on the
ground-water resources. Current knowledge of the
area’s fractured-rock hydrology is minimal, and addi-
tional knowledge would be useful in making future
management and regulatory decisions that could help
prevent depletion of ground-water resources.

As a result of these considerations, the U.S. Geo-
logical Survey (USGS) entered into a cooperative
agreement with the primary management agency, the
San Diego County Department of Planning and Land
Use, to study the hydraulics of a fractured-rock area
and to help determine the long-term availability of
water.

Since 1983, the USGS has been cooperating with
the Department of Planning and Land Use on a hy-
drologic study of limited scope in Lee Valley. This
2.25-mi2 basin is in granitic terrane about 18 mi east
of San Diego, California (fig. 1). Because the moun-
tainous topography and crystalline-rock geologic set-
ting of the area are typical of most of the eastern part
of the county, this area was selected for further study.
From 1983 to 1986, the focus of work in Lee Valley
was on monitoring of water levels and on defining
elements of the water budget, which include precipi-
tation, stream runoff, ground-water recharge,

pumpage, and evapotranspiration. The focus of the
current (1986-88) study, using existing and new
water-level and water-budget information as well as
aquifer-test data collected during the current phase of
the study, was on ground-water hydraulics of the
fractured-rock aquifer. The study results are presented
in this report.

Purpose and Scope

This report presents the results of a study whose
purpose was to define the ground-water hydraulic
properties of the fractured-rock aquifer in Lee Valley.
The study concentrated specifically on the following:

1. The development of appropriate aquifer-test
and analysis methods needed to define the hydraulic
properties (including the horizontal and vertical
hydraulic conductivities and storage properties), both
areally and with depth; and

2. The sources and quantities of ground-water
recharge and discharge.

Several methods were used in this study to define
the ground-water hydrology of Lee Valley. The
nature of the fractured-rock aquifer was examined by
test drilling, geophysical logging, and mapping of
fractures and lineaments. Movement of ground water
was determined using water-level measurements and
chemical analyses of water samples collected from
wells at different locations and depths. Data from
aquifer tests at five sites were analyzed using existing
and newly developed analytical methods to determine
hydraulic conductivities and storage coefficients. The
ground-water budget of the valley was estimated by
monitoring rainfall at three locations, streamflow draining
the valley, domestic consumption of ground water at six
households, and water levels at about 60 wells.

Description of the Study Area

Lee Valley is about 18 mi east of San Diego in
the western part of the Peninsular Ranges batholith.
The surface-drainage boundary, which has a mini-
mum altitude of 1,480 ft and a maximum altitude of
2,840 ft, encloses an area of 2.25 mi2. The valley
floor trends northwesterly, forming an inverted “Y”
shape, and has an area of about 1 mi? (figs. 1, 2). The
valley is drained by a small ephemeral stream, Jamul
Creek, which has a main branch on the west side of
the valley and tributaries that enter primarily from the

2 Hydraulic Properties of a Fractured-Rock Aquifer, Lee Valley, San Diego County, California

























































2E-5N8 is a 400-ft-deep well in the southeastern part of
Lee Valley. Recharge during the relatively wet winters of
1985-86 and 198788 is reflected by gentle upward
trends, peaking almost 4 months after the corresponding
peak in the hydrograph of the regolith well. Response to
recharge during the low-rainfall winters of 198485 and
198687 is almost imperceptible. The sluggish response
indicates that the well probably is in a locally tight part
of the subsurface and therefore is poorly connected to the
transmissive fractures in the transition zone and unweath-
ered bedrock. The water-level changes in such a well
represent a delayed and damped version of the hydraulic-
head changes in the aquifer.

0

A downward trend is evident for the 4/5-year
period (January 1984 to July 1988) shown in the three
hydrographs in figure 11. This trend is most notice-
able in the hydrograph for well 17S/2E-5N8, in which
the seasonal fluctuations are more or less damped out.
Analysis of ground-water recharge and discharge (de-
scribed later in this report) suggests that this downward
trend cannot be attributed entirely to ground-water
pumpage. Rather, the trend indicates that the aquifer is
extensively recharged only during periods of exception-
ally high rainfall. For example, the relatively high
water levels at the beginning of 1984 were due to
heavy rainfall during the winter of 1982-83. For

I | I I o

15— 20 feet total depth

Well 17S/2E-6R2

DEPTH OF WATER, IN FEET BELOW LAND SURFACE

40 — 203 feet total depth ]
45 — —]
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Figure 11. Water levels in three typical wells, January 1984—July 1988.
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198488, rainfall was closer to average, and a down-
ward trend in water levels is superimposed on the
seasonal fluctuations. This decline is expected to con-
tinue until the aquifer is recharged again by heavy
rainfall, whereupon the water level may rise by tens
of feet in some locations.

On a shorter time scale (several days to several
weeks), the water-level fluctuations in regolith wells
reflect the role of Jamul Creek as a drain in the south-
ern part of Lee Valley. Rainfall during 1987-88 and
two hydrographs recorded in regolith wells are shown
in figure 12. Well 17S/2E-6F11 is about 400 ft from
Jamul Creek in the west-central part of Lee Valley.
Well 17S/2E-7C4 is about 150 ft from Jamul Creek in
the southern part of the valley. During January and
February of 1988, water level in well 17S/2E6-F11
rose by 6 ft, while the water level in well 17S/2E-7C4
rose by less than 2 ft. In general, these short-term
responses are typical for regolith wells in Lee Valley.
Regolith wells in the northern part of the valley and
farther from Jamul Creek show larger responses to
winter rainfall; regolith wells in the southern part-of
the valley and closer to Jamul Creek show smaller
responses. These responses suggest that Jamul Creek
acts as a drain, receiving inflow of ground water from the
saturated regolith in the southern part of Lee Valley.
Near the creek, the water table is strongly controlled by
the elevation of the creekbed. Therefore, fluctuations in
water level are limited to a narrow range.

Water Quality

Ground-water samples were collected from zones
isolated by inflatable packers in five test wells to
define existing water quality and to serve as a pos-
sible aid in recognizing sources of recharge and verti-
cal movement of water between aquifer zones. In test
well 17S/2E-7C1, an additional sample was collected
from the entire open interval. A sample also was col-
lected from an observation well (17S/2E-5N7). The
water samples were collected toward the end of aqui-
fer tests, after the pump had been on for about 5
hours or more. Therefore, the water samples are
assumed to be representative of water in the aquifer
rather than water in the well. Two additional analyses
were reported originally by the California Department
of Water Resources (1967, app. D).

Results of laboratory analyses of the samples are
shown in table 2. Water quality generally meets U.S.
Environmental Protection Agency standards for drink-
ing water. Exceptions are dissolved iron, dissolved

manganese, and dissolved solids, which exceeded the
recommended limits in most of the wells tested. The
anomalously high value for dissolved iron in well
17S/2E-5N7 could have been caused either by natu-
rally occurring reducing conditions, by the steel well
casing in the upper part of the hole, or by incomplete
development and purging of the well. The recom-
mended limits for dissolved chloride and dissolved
sulfate were exceeded in the lower zone of well
17S/2E-6R2. The concentration limits for all these
constituents are among those that have been set
primarily to provide acceptable esthetics and taste
characteristics (Freeze and Cherry, 1979, p. 386; U.S.
Environmental Protection Agency, 1977, 1979).

Differences in concentrations of individual con-
stituents in samples collected from different zones in
the same well generally were insignificant. The great-
est differences were in the concentrations of dissolved
calcium, sodium, chloride, sulfate, total nitrate-nitro-
gen, boron, and solids, and in hardness and specific
conductance (table 2). For most of these constituents,
water from the deeper part of the well had higher
ionic concentrations than water from the transition
zone, possibly indicating that water entering the well
from deeper fractures either traveled a different flow
path than water in the transition zone or had not mixed
thoroughly with the shallow part of the flow system.

Some of the samples also were analyzed for oxygen
and hydrogen isotopes (table 2). All the hydrogen-
isotope-ratio values are virtually the same, as are the
oxygen-isotope-ratio values, indicating that water
sampled from different wells and different aquifer
zones has had a similar history or source area.

The results of analyses for tritium concentration
also are shown in table 2. Tritium is produced in
large quantities by atmospheric testing of nuclear
weapons. Once produced in the atmosphere, the tri-
tium atom is incorporated in the water molecule and
is useful as a hydrologic tracer. Tritium also is pro-
duced naturally in small amounts by the interaction of
cosmic rays and atmospheric molecules. Natural pre-
bomb (pre-1953) concentrations of tritium are about
6-13 pCi/L (picocuries per liter) or 2-4 TU (tritium
units) (Freeze and Cherry, 1979, p. 136). In the
1950's and early 1960's, tritium concentrations in
precipitation increased by 2 to 3 orders of magnitude,
with the greatest peak in the early 1960's. The con-
centrations determined for Lee Valley samples ranged
from 12.5 to 22.1 pCi/L (3.9 to 6.9 TU). These values
are slightly higher than pre-1953 concentrations but
not as high as would be expected if the sampled
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ground water had been recharged in the early 1960's. values of tritium (table 2) and the difference between
Recharge of the sampled water, therefore, probably values from the two aquifer zones probably are not
took place somewhat less than 25 years ago. For well great enough to allow an interpretation of distinct
17S/3E-6R2, the difference between the high and low recharge events separated by time or by flow path.
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Figure 12. Short-term water-level response in wells 17S/2E-6F11 and 17S/2E-7C4 to rainfall, July 1987-June
1988.
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Tabie 2. Chemical analyses of water from wells, Lee Valley

[Depth of well and interval sampled in feet below land surface. Specific conductance, pH, alkalinity: F, field; L, laboratory. pS/cm,
microsiemen per centimeter at 25°C; °C, degree Celsius; mg/L, milligram per liter; pg/L, microgram per liter; pCi/L, picocurie per liter.
<, actual value is less than value shown. --, no data]

Specific Temper- Noncarbonate Calcium,
Well No. 01?6\52111 :::n{:(ll Date conductance (units) ature H(anl;;nf;s hardness  dissolved
P (uS/cm) (°C) (mgl)  (mgL)
16S/2E- 3IN4 457 above 100 1-20-88 F934 F6.8 - 250 - 57
17S/2E- 5N5 320 above 118 12-13-87 L581 L7.3 - 170 - 42
5N7 328 entire well 12-18-87 - - 220 140 0 40
6F9 198 above 83 1-10-88 F1,010 F7.2 21.0 290 - 80
below 86 1-13-88 F1,010 F1.1 20.5 300 110 84
below 153 1-15-88 L1,020 F1.3 - 300 110 84
613! - - 3-08-63 L620 L74 - 185 - 46
6Q1' - - 3-08-63 L600 L7.3 - 178 - 40
6R2 203 above 100 1-22-88 F1,280 F6.8 225 500 260 120
below 100 1-24-88 F1,890 F7.0 225 700 440 170
7C1 451 above 44 12-08-87 L1,230 L7.8 - 340 -- 74
entire well 4-26-87 - - - 240 56 57
Interval Magnesium, Sodium, Sodium Sodium Potassium, Alkalinity  Suifate,
Well No. sampled Date dissolved dissolved (percent) adsorption dissolved (mg/L as  dissolved
(mg/L) (mgL) P° raio  (mgll)  CaCO,)  (mgl)
16S/2E- 3IN4  above 100 1-20-88 26 86 43 2 4.6 F199 51
17S/2E- 5N5  above 118 12-13-87 17 55 41 2 25 L144 58
5N7  entire well 12-18-87 10 71 -- 3 3.0 Ll64 --
6F9 above 83 1-10-88 23 82 38 2 40 F194 42
below 86 1-13-88 23 83 -- 2 44 F193 41
below 153 1-15-88 23 84 - 2 6.1 F188 -
6J3! - 3-08-63 17 64 - - 1.0 -- 35
6Q1' - 3-08-63 19 69 - - 1.0 - 46
6R2  above 100 1-22-88 49 83 27 2 23 F243 180
below 100 1-24-88 68 110 - 2 22 F250 260
7C1  above 44 12-08-87 37 120 4 3 14 L208 97
entire well 4-26-87 24 95 46 3 24 L185 53
Footnote at end of table.
DETERMINATION OF HYDRAULIC spatial extent, orientation, spacing, and interconnectivity,

PROPERTIES USING AQUIFER TESTS can vary considerably from one part of the aquifer to

another. In addition, the effects of weathering exert a

Although aquifer-testing methods routinely are significant influence on aquifer heterogeneity at shal-
used to determine aquifer properties, their application low depths. Therefore, the hydraulic properties of the
to fractured rocks is debatable. Many of the difficul- regolith, transition zone, and unweathered bedrock of

ties arise from the extremely heterogeneous nature of the fractured-rock aquifer in Lee Valley can vary
the physical features and hydraulic properties of frac- from place to place. Also, faults and fracture zones,
tured rocks. Fracture characteristics, such as aperture, which are common in bedrock, can act either as zones

24 Hydraulic Properties of a Fractured-Rock Aquifer, Lee Valley, San Diego County, California



Table 2. Chemical analyses of water from wells, Lee Valley—Continued

. . o Residue on  Solids, Nitrate,  Nitrogen,
Well No Interval Date g:;?f:d dcltsﬂsg?‘:i:é disslsl;f:é d ignition  dissolved, dissolved, ammonia,
) sampled (mg/L) (mg/L) (mg/L) at 180°C sum total (mg/L  dissolved
(mg/L) (mg/L) asN) (mg/L asN)
16S/2E- 31N4 above 100 1-20-88 04 160 48 570 560 1.10 0.016
17S/2E- 5N5  above 118 12-13-87 4 65 48 383 370 2.00 .002
SN7  entire well 12-18-87 4 59 37 -- - 2.30 .260
6F9  above 83 1-10-88 .6 180 36 -- 570 15 042
below 86 1-13-88 6 180 36 - - <1 .043
below 153 1-15-88 6 180 37 587 - .100 .009
613! - 3-08-63 1.0 94 34 416 388 - --
6Q1' - 3-08-63 .6 74 44 412 410 - -
6R2  above 100 1-22-88 .3 170 46 -- 800 2.60 072
below 100 1-24-88 3 320 31 -- 1,100 .100 .060
7C1  above 44 12-08-87 .6 210 55 744 720 .830 .017
entire well 4-26-87 .6 160 53 -- 557 -- --
. Deuterium/ Oxygen-18/ Tritium
Boron, Iron, Lithium, Manganese, \ i .
Well No. Interval Date  dissolved dissolved dissolved dissolved P roqum oxygen 16 in water
sampled (ug/L) (ug/l) ( ) (ug/l) ratio ratio molecule
W W ug/L W (per mil)  (per mil)  (pCilL)
16S/2E- 31N4 above 100 1-20-88 100 7 72 420 -394 -6.35 221
17S/2E- 5N5 above 118 12-13-87 60 5 25 3 -39.0 -6.15 179
5N7 entire well  12-18-87 70 6,000 30 50 - - --
6F9 above 83 1-10-88 50 460 70 270 -395 -6.20 14.1
below 86 1-13-88 50 -- 63 -- -- -- --
below 153 1-15-88 60 320 72 270 -39.5 -6.25 12.5
6J3! -- 3-08-63 0 -- - -- -- -- --
6Q1’ -- 3-08-63 50 - -- -- - -- -
6R2 above 100 1-22-88 70 - 39 -- -39.0 -6.30 17.6
below 100 1-24-88 40 130 50 230 -39.0 -6.25 13.1
7C1 above 44 12-08-87 90 670 36 510 -- -- --
entire well 4-26-87 80 60 40 590 -- -- --

'Data from California Department of Water Resources (1967, app. D). Well 17S/2E-6]3 formerly was numbered 17S/2E-5M1.

of high permeability or as barriers to ground-water
flow.

In designing the aquifer tests we idealized the
aquifer to consist of three zones—regolith, transition
zone, and unweathered bedrock. Each zone was
treated as an equivalent porous medium with uniform
hydraulic properties. This approach is based on the
assumption that the ground-water flow is not con-
trolled by a small number of fractures in each zone.

Instead, the fractures were assumed to form a network
of interconnected conduits, analogous to the system
of connected pore space within a granular medium
when the latter is magnified many times. The results
of the aquifer tests provide "overall" hydraulic prop-
erties that characterize the aquifer on a horizontal
length scale approximately equal to the distance
between pumped and observation wells (30 to 100 ft
in this study).
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Special attention must be paid to the local variation
of hydraulic conductivity in the immediate vicinity of the
pumped and observation wells. If the hydraulic conduc-
tivity around a pumped well is lower than the overall
hydraulic conductivity of the aquifer, a so-called skin
effect exists. The skin effect increases drawdown as
the water moves across the zone of lower permeabil-
ity into the pumped well. Conversely, a zone of
enhanced hydraulic conductivity surrounding a
pumped well reduces drawdown. For the observation
well, a surrounding zone of lower hydraulic conductivity
creates a delayed response—that is, the change in water
level in the observation well lags behind change in
hydraulic head in the aquifer. Although these effects
introduce additional complexities in the test analysis, they
must be taken into account. Failure to do so can lead to
errors in the analysis of the test results.

Studies have shown that the hydraulic conductiv-
ity of fractured rocks can be anisotropic (Hsieh and
others, 1985; Maslia, 1987). The anisotropy com-
monly is attributed to the presence of preferred flow
directions along subparallel sets of fractures in the
rock. To fully characterize the anisotropy, it is neces-
sary to determine the magnitudes of the hydraulic
conductivities in three principal directions. In this
study, we assumed that one principal direction is ver-
tical and the other two horizontal. We assumed, also,
that the hydraulic conductivity is isotropic in the hori-
zontal plane. Although these assumptions may not
always hold for fractured rocks, they are adopted here
for the sake of simplicity. Because the horizontal and
vertical components of water movement are of pri-
mary interest in this study, the above assumptions
allow us to express Darcy's law in terms of two prop-
erties: the horizontal hydraulic conductivity, K,,and
the vertical hydraulic conductivity, K,. Departure of
actual conditions from this simplified characterization
would alter somewhat the flow configuration, but the
general conclusions of the study, in terms of horizon-
tal and vertical water movement, should remain valid.

Design of Aquifer Tests

Aquifer tests were done at five sites in Lee Valley
(fig. 1). Available sites necessarily were limited to those
that had an unused, privately owned well 200 ft or more
in depth. These wells generally are low yielding, and
none of them are close to major lineaments mapped on
aerial photographs. Consequently, the results of the aqui-
fer tests are more characteristic of the lower permeability

rocks in Lee Valley. The hydraulic characteristics of
the lineaments were not investigated.

Construction of Wells and Piezometers

To supplement information available from the exist-
ing, privately owned wells, the U.S. Geological Survey
constructed additional wells and piezometers for the aqui-
fer tests and for monitoring water levels in Lee Valley.
The wells were drilled using a 6-in. airhammer with
foam/air circulation. The new wells were cased through
the regolith with 6-in. steel casing and left open below
(as had been done for the privately owned wells). Piezo-
meters were completed with 2-ft screens at the bottom of
2-in.-diameter PVC (polyvinyl chloride) pipes. The
screens were surrounded by sand packs, above which
bentonite and concrete seals were placed. The construc-
tion of a typical piezometer is shown in figure 13.

Description of Equipment

In the pumped well, packers are placed above and
below the pump so that only a part of the well is
pumped (fig. 13). In some cases, only one packer is
installed in the well, and the section above or below
the packer is pumped. In the observation well, a
string of packers can be installed in the well to divide
it into several intervals. Each interval is hydraulically
connected to a drop pipe so that the hydraulic head of
the interval can be measured by water level in the
pipe (fig. 13). In this way, hydraulic heads at different
depths in the aquifer can be monitored in the same
well. Water levels are measured by pressure transduc-
ers and are recorded in a data logger. The use of drop
pipes also allows water-level measurements to be
checked using steel tapes or electrical sounders. These
occasional check measurements were done before,
during, and after the tests.

Test Procedure

Prior to an aquifer test, the delayed response of
the piezometers and observation wells must be char-
acterized. This is done by analyzing the well response
to an instantaneous rise of water level in the well.
(The actual analysis is described in the section en-
titled "Effect of Delayed Response in Observation
Well.") For piezometers, the rise in water level is
effected by rapidly lowering a deadweight into the
water. For observation wells, the water-level rise is
caused by the expansion of the rubber element during
packer inflation. Although this water-level rise may
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not be as rapid as that achieved by submersing a
deadweight, it generally can be considered to be
instantaneous when compared with the time needed
for the water level to return to its static level.

The basic test setup was to pump from one water-
transmitting zone (transition zone or bedrock) and to
monitor drawdowns in all zones. Water levels were
monitored, with one exception, for at least 12 hours
prior to the start of the test to determine whether there
was a long-term trend. (In the test analysis, draw-
downs were corrected to account for any such trend.)
The test itself generally lasted 6 to 10 hours. The
pumping rate was adjusted so as to cause measurable
drawdown in observation wells and piezometers but
to not allow development of cascading water, which
occurs when the water level in the pumped well
declines below the depth at which water enters the
well. Toward the end of the test, water samples were
collected for chemical analysis. After the pump was
turned off, recovery of water levels was monitored for
at least 12 hours.

Method of Aquifer-Test Analysis

Generally, the analysis of aquifer tests consists of
selecting an appropriate aquifer model and choosing
model parameters (for example, aquifer properties

such as hydraulic conductivity and specific storage)
so that the model-simulated drawdowns match the
measured drawdowns. The aquifer model may range
from a simple analytical model involving a few pa-
rameters to a complex computer model involving
many parameters. The choice of model generally is
based on the background knowledge of the geohydro-
logic setting of the site, on the size of the data set
available for analysis, and on the degree of complex-
ity that is needed to adequately characterize the aqui-
fer. For simple analytical models involving two or
three parameters, graphical procedures based on type
curves (for example, the Theis method) can be used
to determine the aquifer properties. If the model in-
volves substantially more parameters, then one must
resort to either trial-and-error matching or computer
methods based on least squares or other procedures.
In this study, analytical models were used in the
analysis of the aquifer tests. The tests were done in a
fractured-rock aquifer composed of zones (regolith,
transition zone, and unweathered bedrock) that may
have different hydraulic properties; therefore, the
models need to be able to account for these zones. In
addition, the models need to take into account the
effects of wellbore storage in the pumped well, the
possible presence of a zone of altered permeability
around the pumped well, and the delayed response in
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piezometers and observation wells. The models used
in this study are summarized below.

Analysis for One-Zone Test

Some of the aquifer tests involve only one zone.
For example, where the water table is within the tran-
sition zone and the unweathered bedrock has suffi-
ciently low hydraulic conductivity that it can be
considered impervious, a one-zone model, represent-
ing the transition zone, is used for the test analysis.

The features of the one-zone model are illustrated
in figure 14. The zone is bounded above by the water
table and below by a horizontal, impervious bound-
ary. Laterally, the zone extends a large distance from
the pumped well (that is, there are no lateral bound-
aries). Hydraulic properties are assumed to be uni-
form throughout the zone. The pumped and
observation wells can fully or partially penetrate the
zone. A piezometer is assumed to measure hydraulic
head at a point in the zone. An observation well is _
assumed to measure the average hydraulic head over
the screened or open interval. The physical dimen-
sions needed to specify the model, which are listed in
figure 14, are assumed to be known from drilling logs
and well-construction data. The model parameters to be
determined are the hydraulic properties of the zone:

K,, horizontal hydraulic conductivity;
K,, vertical hydraulic conductivity;
S, specific storage; and (or)

S, specific yield.

Mathematical analysis of this model is given by
Neuman (1972, 1973, 1974). The model accounts for
both horizontal and vertical flow in the zone. During
the early stage of the test, water is released primarily
from compressive storage, which is characterized by
the specific storage, S;. During the late stage of the
test, water is released primarily from lowering of the
water table (drainage), which is characterized by the
specific yield, Sy. Because drainage does not occur
immediately at the start of pumping, the characteristic
behavior of a water-table aquifer is known as delayed
gravity response. The transition from the early to late
stage primarily is determined by the degree of anisot-
ropy in hydraulic conductivity. For further discussion,
see Neuman (1972, 1973, 1974).

An important limitation of Neuman's analytical
solution is that the drawdown of the water table
should be small in comparison with the initial satu-
rated thickness. This criterion was satisfied for all the
aquifer tests done in this study.

Analysis for Two- and Three-Zone Tests

Two zones are involved in the aquifer test when
(1) the water table is within the regolith and the un-
weathered bedrock is impervious, or (2) the water
table is within the transition zone and the unweath-
ered bedrock is permeable. In the first example, the
regolith is the upper zone and the transition zone is
the lower zone. In the second, the transition zone is
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b= Initial saturated thickness of the zone (L)

d= Distance from initial position of
the water table to top of the
intake interval of the pumped well (L)

L = Distance from initial position of the
water table to bottom of the intake
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r= Distance from the pumped well to
the piezometer or observation well (L)
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to the center of the open interval of the
piezometer (L)
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Z,= Distance from the impervious boundary
to the bottom of the open interval
of the observation well (L)

Figure 14. Parameters for one-zone model.
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the upper zone and the unweathered bedrock is the
lower zone. Both examples are analyzed using a two-
zone model developed in this study. The analytical
solution is described briefly in appendix 1.

The two-zone model is similar to the one-zone
model in all aspects except one—the two-zone model
has two distinct zones having different hydraulic
properties. There are no restrictions on the properties
of either zone; for example, the hydraulic conductiv-
ity of the upper zone can be greater or smaller than
the hydraulic conductivity of the lower zone. In this
respect, the model fully accounts for horizontal and
vertical flow in both zones, and therefore is more
general than aquifer/confining-unit type models (for
example, Cooley and Case, 1973), which assume
vertical flow in one layer and horizontal flow in the
other.

The essential features of the two-zone model are
shown in figure 15. The upper zone is bounded above
by the water table, and the lower zone is bounded
below by a horizontal, impervious boundary. If the
lower zone represents the unweathered bedrock, then
one assumes that it becomes impervious below a cer-
tain depth. Water may be pumped from either the
upper or the lower zone. The model parameters to be
determined are

K.,, horizontal hydraulic conductivity of the
upper zone;
K, vertical hydraulic conductivity of the
upper zone;
S, specific storage of the upper zone;
S,1» specific yield of the upper zone;
Igrz, horizontal hydraulic conductivity of the
lower zone;
K, vertical hydraulic conductivity of the
lower zone; and
S, specific storage of the lower zone.

The analytical solution for the two-zone model is
subject to the same limitation as the one-zone
model—the drawdown of the water table must be
small in comparison with the initial saturated thick-
ness of the upper layer. The solution would not apply
to cases in which the water table declines into the
lower layer, causing the upper zone to become unsat-
urated during the test. Thus, the specific yield of the
lower zone does not enter into the model.

One of the five aquifer-test sites involved all
three zones. A three-zone model should be used to
analyze the test data. However, an analytical solution
for a three-zone model has not been developed owing
to mathematical complexity. Therefore, a two-zone

model was used for approximate solutions. The justi-
fication for using the simpler model is discussed in
the section describing aquifer tests at site 6F9.

Effect of Wellbore Storage in Pumped Well

In the models described above, the pumped well
is idealized as a line sink of zero radius. This ideali-
zation neglects the volume of water that is stored in
the wellbore, and it assumes that the rate at which
water is pumped from the aquifer is equal to the
pump discharge. In reality, when the water level is
lowered in the pumped well, a certain volume of
water must be removed from the wellbore. The
removal of this water from the wellbore causes the
actual rate of pumping from the aquifer to be less
than the pump discharge. This phenomenon is known
as wellbore-storage effect. In general, wellbore-
storage effect is negligible if the rate at which water
is removed from the wellbore is insignificant in com-
parison with the rate at which water is pumped from
the aquifer. This generally is the case when testing
highly permeable aquifers. Crystalline-rock aquifers,
on the other hand, generally are characterized by low
permeabilities. Aquifer tests in these environments
generally require low pumping rates, and a significant
portion of the pumped water may be derived from
storage in the wellbore. For these cases, neglecting
the effect of wellbore storage will result in erroneous
interpretation of the aquifer test.

In this study, wellbore storage is accounted for by
two different methods, depending on whether one is
computing drawdown in the observation well or in
the pumped well. To compute drawdown in the obser-
vation well, the pumping rate from the aquifer, rather
than the pump discharge, is used in the model calcu-
lation. The pumping rate from the aquifer is deter-
mined in the following manner. On the basis of rate
of water-level decline measured in the pumped well,
one can determine the rate at which water is removed
from the wellbore:

0, = B, M

where r, is the casing radius for the interval of the
well in which the water level declines, and s, is the
measured drawdown in the pumped well. If Qp is the
pump discharge and Q,, is the rate at which water is
removed from the wellbore, then the rate Q at which
water is pumped from the aquifer is

0=0,-0,. @
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Note that, in general, Q is not constant. At the start of
the test, Q is a small part of Qp because most of the
pumped water is taken from the wellbore (for ex-
ample, O, = Q). As the test progresses, drawdown in
the pumped weql begins to stabilize, and Q approaches
Q These features are illustrated in figure 16, in which
Q is assumed to be constant. For model calculations, the
nonsteady pumping rate Q is approximated by a

stairstep-shaped function as shown in figure 16.
Drawdown is computed by the superposition of
incremental rates starting at different times.

To calculate drawdown in the pumped well, it is
necessary to explicitly account for the finite diameter
of the well in the mathematical formulation of the
aquifer model. For the simple case of a well fully
penetrating a confined aquifer of infinite lateral extent,
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EXPLANATION
MODEL PARAMETERS
Q = Discharge

b 7= Initial thickness of the upper zone
(distance from initial position of
water table to bottom of the upper
zone)

b,= Thickness of the lower zone

d;= Distance from initial position of
water table to top of intake interval
of a well in which water Is pumped
from the upper zone

d2= Distance from top of lower zone to
top of intake interval of a well in which
water is pumped from the lower zone

L= Distance from the initial position of
water table to bottom of intake interval
of a well in which water is pumped
from the upper zone

L,= Distance from top of lower zone
to bottom of intake interval of
a well in which water is pumped
from the lower zone

r= Distance from the pumped well to
the piezometer or observation well

Z= Distance from top of lower zone to center
of open interval of the piezometer

z;= Distance from top of lower zone to top
of open interval of the observation well

z,= Distance from top of lower zone to bottom
of open interval of the observation well

Positive values of z, z;, and z, indicate that the
piezometer or observation well is completed in
the upper zone, and negative values of z, z;, and
2z, indicate that the piezometer or observation
well is completed in the lower zone

Figure 15. Parameters for two-zone model. A, Water pumped from upper zone. B, Water pumped from lower

zone.
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~1—STAIRSTEP-SHAPED FUNCTION—
Approximated pumping rate Q

DISCHARGE

TIME

EXPLANATION

Q.= Pump discharge (assumed to be
P constant)

Q,,= Rate at which water is removed
from wellbore

Q = Rate at which water is pumped
from aquifer

Figure 16. Relation between pump discharge
and time, illustrating wellbore-storage effect.

the analytical solution is given by Papadopulos and
Cooper (1967). If the well is partially penetrating, the
solution of Davis (1987) can be used. For more com-
plicated cases, such as multilayered water-table aqui-
fers, analytical solutions are not available at present.
Nevertheless, one can estimate the drawdown at large
time, when the effect of wellbore storage becomes
unimportant, using the line-sink solutions described
above. Hantush (1961, p. 176) suggested that the
drawdown in the pumped well can be approximately
calculated from the line-sink solution by setting the
radial distance, r, equal to the well radius, r, , and
setting z equal to vertical distance from the impervi-
ous boundary to the center of the intake interval [for
example, z = (L+d)/2 for a one-zone model] (see fig.
14). This procedure was adopted for the multizone
tests in this study.

Effect of Altered Permeability Around Pumped Well

As discussed earlier, a general characteristic of a
fractured-rock aquifer is a high degree of local variation
in its hydraulic properties. In analyzing aquifer tests it is
neither feasible nor desirable to account for this heteroge-
neity in full detail. Instead, one attempts to determine the
overall properties of the rock on the scale of the test,
which is about equal to the distance from the pumped
well to the observation wells. Nevertheless, the presence

of a local area of altered permeability in the immediate
vicinity of the pumped well may exert a strong influence
on the drawdown in the pumped well. Although this
local area generally can be neglected when simulating
drawdowns in observation wells that are far from the
pumped well, its influence must be considered when
simulating drawdown in the pumped well.

To facilitate a simple analysis, the area of altered
permeability is assumed to extend from the wellbore
out to a radius r, (fig. 17). The hydraulic conductivity

Zone of altered
permeability (K )

AN
Wellbore / A
[ Tw |
/
\\ )
~

—_"r

s

AQUIFER Zone of unaltered

permeability (K)

A

+— Zone of altered permeability
— Wellbore

EXPLANATION

K= Hydraulic conductivity within zone of
unaltered permeability

K

= Hydraulic conductivity within zone of altered

permeability

T's = Radius of zone of altered permeability

n, = Radius of wellbore

Figure 17. Effects on drawdown of a zone of altered
permeability around a pumped well. A, Plan view. B,
Vertical section showing drawdown (cones of
depression) for selected hydraulic-conductivity relations.
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within this local area is denoted by K, and the
hydraulic conductivity beyond this local area is K,
which is an overall property of the test zone. If K is
smaller than K (for example, the well is surrounded
by a local area of reduced hydraulic conductivity),
then the actual drawdown in the pumped well will be
greater than the drawdown for the case of K = K (fig.
17). To account for the greater drawdown, it is common
to introduce the concept of a "skin" around the wellbore.
In comparison with the no-skin case (K, = K), the pres-
ence of a skin causes an additional drawdown that is
proportional to the flow rate into the wellbore. This skin
is characterized by a dimensionless quantity, G, known as
the skin factor. Hawkins (1956) shows that

6 = [(KIK)) -1] In (r/r,). 3)

An analytical solution accounting for both wellbore
storage and skin effect is given by Agarwal and oth-
ers (1970) for a pumped well that fully penetrates a
confined aquifer of infinite lateral extent. For cases
involving multilayered aquifers, analytical solutions
are not available at present.

If the pumped well is surrounded by a local area
of enhanced hydraulic conductivity (that is, K > K),
then the drawdown in the pumped well will be less
than the drawdown for K = K. In effect, the region of
enhanced hydraulic conductivity serves to enlarge the
wellbore, thus decreasing the drawdown needed for
water to flow into the well. To account for the
enhanced hydraulic conductivity, the actual wellbore
radius r,, can be replaced by an "effective wellbore
radius," denoted by r,,,, which is larger than r,,. The
effective wellbore radius can be determined from .,
re K, and K by allowing the skin factor G to take on
negative values. Once G is computed from equation 3,
then r,, can be determined (Brons and Miller, 1961)
by

Fwe=T,€°. 4

Although the concept of negative skin factor is physi-
cally unrealistic, it nevertheless serves a useful pur-
pose because it provides a simple way to determine
the effective well radius.

Effect of Delayed Response in Observation Well

An inherent assumption in the aquifer-test models
described above is that the observation wells and the
piezometers behave in an "ideal" manner. During an
aquifer test, the decline of water level in an ideal

observation well or piezometer should be identical to
the drawdown in the aquifer. In reality, a certain
volume of water must flow out of the observation
well in order for the water level to decline. If the time
needed for the water to exit the well is significantly
greater than the time over which the drawdown
occurs in the aquifer, then the observation well cannot
accurately track the drawdown in the aquifer. In this
case, the drawdown in the observation well is delayed
in comparison with the drawdown in the aquifer.
Although this delay generally is insignificant when
testing highly permeable aquifers, its effect must be
recognized when testing aquifers with low permeabil-
ity. Furthermore, if the observation well is surrounded
by a local area of reduced permeability, then the delayed
effect will be accentuated. In extreme cases, the draw-
down in the observation well may differ considerably
from the drawdown in the aquifer.

The delayed response of an observation well can be
analyzed by considering an instantaneous head decline in
the aquifer, as illustrated by the dashed line in figure 18.
If the observation well has a fast response, then its water
level (solid line in fig. 18) should closely resemble the
hydraulic head in the aquifer. If the response is slow, a
considerably longer time is needed for the water level to
achieve the same head decline (dashed-dotted line in fig.
18). In reality, the well cannot be examined in this way
because it is difficult, if not impossible, to create an
instantaneous head decline in the aquifer. However, the
equivalent effect can be achieved by instantaneously
raising the water level in the well and monitoring the
subsequent decline, a procedure that is identical to that of
a slug test. Thus, although the slug test generally is used
as a method to determine aquifer transmissivity (Cooper
and others, 1967), it was used in this study to character-
ize the delayed response of the well.

WATER LEVEL~In well with
fast response

| “WATER LEVEL- In well with

| \« slow response

|

Head decline |
in aquifer/:

HYDRAULIC HEAD

TIME

Figure 18. Relation between hydraulic head and
time, illustrating delayed response in an observation
well.
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Past experience and simplified theoretical analysis
(Hvorslev, 1951) indicate that the response of a slug
test can be approximately described by a negative
exponential function. If the initial head increase is H,
and after a time, ¢, the head increase has declined to
h, then the normalized head difference, (H-h)/H, can
be expressed as

(H-h)/H = e™'To, 3)

where T is known as a characteristic response time.
To determine T, field data of (H—h)/H are plotted on
logarithmic scale against ¢ on arithmetic scale. The
data should form a straight line, and T, is the time
corresponding to (H-h)/H = 0.37 (fig. 19). Because of
the equivalence between the slug test and a stepwise
head decline in the aquifer, equation 5 also should
describe the water-level response in the observation
well, as shown in figure 19. Thus, the characteristic
response time, T, obtained from a slug test also
should characterize the delayed response of the well.
For an ideal observation well, T_ is zero.

1.0

0.37————

|
|
|
)
§ 01 I o DATA B
' |
T STRAIGHT LINE
| FITTED
: THROUGH DATA
|
|
|
|
| T
0.01 Lo | !
0 2 4 6 8 10
TIME (£)
EXPLANATION

H = \Initial head increase
I = Head increase after time (¢)
T, = Characteristic response time
Figure 19. Relation between normalized head

difference, (H-h)/H, and time for a hypothetical slug
test.

Once T, is known for an observation well, the
drawdown in the well during an aquifer test can be
determined. In this study, the approach of Black and
Kipp (1977) was followed. If s(f) denotes the draw-
down in the ideal observation well, then the draw-
down in the actual observation well is given by

T=t
sp® =7 | g™ s(rydr, (6)

o T=

where 7 is the integration variable. [The derivation of
this equation is given by Black and Kipp (1977).]
Thus, the appropriate analytical solution for the ideal
observation well is substituted into the integral in
equation 6, and evaluation of the integral yields the
drawdown in the actual observation well.

Aquifer Tests at Selected Sites: Test
Configurations and Results

Aquifer tests were done at five sites in Lee Valley.
The location of test-site pumped wells is shown in figure
1. Each aquifer-test site is identified by the last three
characters (number-letter-number) of the well number
of the pumped well for the aquifer test. For example,
the aquifer-test site at which well 17S/2E-7C1 served
as the pumped well is identified as site 7C1.

As noted previously, the purpose of the aquifer
tests is to determine the overall hydraulic properties at
each site. These properties should be characteristic of
the aquifer on a scale that is approximately the dis-
tance between the pumped and observation wells (30
to 100 ft). Drawdowns in pumped wells, because they
may be greatly influenced by a surrounding zone of
altered permeability (wellbore skin), are not used to
determine the overall aquifer properties. Instead, aquifer-
property values are obtained from analysis of drawdowns
in observation wells. After these values are determined,
one can ascertain whether a local area of altered perme-
ability (skin) exists around the pumped well. An analysis,
accounting for the skin effect, then can be carried out
to determine the hydraulic conductivity of the altered
area. In the present study, analytical models that
account for wellbore storage and skin effect in multi-
layered aquifers are not available; therefore, skin
effects can be analyzed only for sites at which the
aquifer consists of one zone.

The data are analyzed using a trial-and-error pro-
cedure. First, an appropriate aquifer model is selected.
Next, a set of aquifer-property values is selected, and
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drawdowns are simulated. If the model-simulated
drawdowns do not agree with measured drawdowns,
the aquifer-property values are changed. This proce-
dure is repeated until the simulated drawdowns match
the measured drawdowns to a satisfactory degree.

For each test analysis, a brief sensitivity analysis
is done whereby the aquifer properties are varied
about the simulated values. The resultant change in
simulated drawdown provides a qualitative assess-
ment of the degree to which the various aquifer prop-
erties can be identified from the measured data. This
assessment is based on subjective judgment, and it
carries no statistical implications.

Site 7C1

Site 7C1 is at the southern end of Lee Valley (fig.
1). Except for a thin soil mantle, there is no regolith
at the site. The transition-zone thickness, estimated
from drillers' logs, is about 40 ft. At the time of the
aquifer tests (December 1987), the depth to water was
10 ft below land surface. A privately owned, unused
water well (17S/2E-7C1) and two piezometers (17S/2E-
7C6 and 17S/2E-7C7) installed by the USGS are at
the site. Construction data for the aquifer-test wells
and piezometers are given in table 3.

Prior to aquifer testing, slug tests were done in
piezometers 17S/2E-7C6 and 17S/2E-7C7 to deter-
mine their response characteristics. The characteristic
response times are 0.36 minute for 17S/2E-7C6 and
5.22 minutes for 17S/2E-7C7. These results indicate
that piezometer 17S/2E-7C6 responds much faster
than does piezometer 17S/2E-7C7 to head changes in
the aquifer.

One aquifer test was done at this site. A packer
was installed in well 17S/2E-7C1 at a depth of 43 ft.
The upper interval, from the casing bottom (20 ft) to
the top of the packer (42 ft), was pumped for 6 hours
40 minutes. The pumping rate was 2.4 gal/min for the
first 5 minutes and 2.0 gal/min for the rest of the test.
Measured heads in the pumped well and piezometers
are shown in figure 20. The sudden increase in draw-
down at an elapsed time of about 2.5 hours is the
result of a momentary fluctuation in the pumping rate.
Because of a malfunction in the data-logging equip-
ment, hydraulic heads were recorded for only 2 min-
utes prior to pumping. Thus, it was not possible to
determine whether there was a long-term trend
(increase or decrease) in hydraulic head.

A second test was attempted by pumping from
the interval below the packer (from 44 to 451 ft).

However, this interval could not yield enough water
to sustain the lowest pumping rate (about 1.2 gal/min)
attainable with the equipment. Thus, although the well
penetrates 451 ft of rock and the acoustic-televiewer
log shows the presence of fractures throughout the
open-hole interval, only the upper 20 ft contains frac-
tures that yield enough water for the test. For the
purpose of this test analysis, the unweathered bedrock
at this site is assumed to be virtually impermeable.

The one-zone model, representing the transition
zone, is used for data analysis. The acoustic-televiewer
log of well 17S/2E-7C1 shows that fractures in the
pumped zone are present between depths of 25 and
40 ft. Thus, the intake interval for the test is assumed
to extend over these depths. Physical dimensions (as
defined in the section "Analysis for One-Zone Test")
used in the model are b =30 ft, d =15 ft, L =30 ft;
for piezometer 17S/2E-7C6, r =244 ftand z = 17.5
ft; and for piezometer 17S/2E-7C7, r = 22.2 ft and
z = 6 ft. It is assumed that there is no long-term trend
in hydraulic head.

The aquifer-property values used to fit the simu-
lated drawdown to the measured drawdown are
shown in table 4. The two drawdowns are illustrated
in figure 21. One can see that the fit for the early-
time data is poorer than the fit for the late-time data.
In fact, no combination of aquifer-property values
produced drawdown curves that fit all the data, and
thus the final fit was selected by subjective judgment.
In examining figure 21, one should keep in mind that
the log-log plot exaggerates the lack of fit at early
time, when the drawdowns are small. When viewed
in the context of the entire set of drawdown data, the
lack of fit during early time is not severe.

Sensitivity analysis indicates that the horizontal
and vertical hydraulic conductivities can be deter-
mined to within about 50 percent of the estimated
value. Because of the poor fit of the data at early
time, subjective judgment is required in selecting the
specific-storage value, and it should be considered an
order-of-magnitude estimate. The zero value of spe-
cific yield indicates that the transition zone at the site
is locally confined. This conclusion is supported by
the presence of barometric fluctuations in long-term
water levels recorded at well 17S/2E-7C1. For a shal-
low aquifer, the presence of barometric fluctuations
generally indicates that the aquifer is confined. Under
confined conditions, aquifer material always is satu-
rated; therefore, no water is drained from the pore
spaces of the aquifer material, and specific yield can-
not be determined using an aquifer test.
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Tabie 3. Construction’data for aquifer-test wells and piezometers

[All depths in feet below land surface. Altitudes in feet above sea level. Diameters of casings and holes in inches. --, not applicable or no data)

Depth of
Piezometer or Depth of piezometer Depth of Diameter Diameter of  Altitude at Altitude of
well No. well screen casing of casing open hole  top of casing  land surface
(top-bottom)
Site 7C1
17S/2E-7C1 451 - 20 6.5 6.25 1,512.0 1,511.0
17S/2E-7C6 -- 21.5-23.5 -- 2 - 1,512.31 1,511.55
17S12E-7C7 - 3335 -- 2 - 1,512.15 1,511.55
Piezometer 7C6 is 24.4 fect east of well 7C1. Piezometer 7C7 is 22.2 feet S. 75° E. of well 7C1.
Site SNS
17S/2E-5N5 320 - 39 6.63 6.63 1,660.7 1,660.0
17S/2E-5N7 328 -- 58 6 6 1,660.66 1,659.66
Well 5N7 is 29.2 feet N. 56° W. of well 5N5.
Site 31N4
16S/2E-31N4 457 -- 42 6 6 1,734.0 1,733.0
16S/2E-31N6 311 - 57 6 6 1,733.69 1,730.52
Well 31N6 is 31.0 feet N. 63° E. of well 31N4,
Site 6R2
17S/2E-6R2 203 -- 25 6 6 1,650.3 1,649.0
17S/2E-6R3 159 - 18 6 '6,4 1,651.1 1,650.0
Well 6R3 is 30.8 feet N. 80° E. of well 6R2.
Site 6F9
17S/2E-6F9 198 -- 45 6 6 1,637.9 1,637.0
17S/2E-6F14 189 - 58 6 6 1,639.11 1,636.65
17S/2E-6F10 -- 30.0-32.0 - 2 -- 1,636.26 1,635.44
17S/2E-6F11 -- 43.5-45.5 - 2 -- 1,635.69 1,635.03
17S/2E-6F12 - 54.0-56.0 - 2 -- 1,640.06 1,639.46
17S/2E-6F13 - 35.0-37.0 - 2 - 1,634.12 1,633.32

Well 6F14 is 96.5 feet N. 35° E. of well 6F9. Piezometer 6F10 is 26.7 feet N. 77° E. of well 6F9. Piezometer 6F11 is 32.9 feet
N. 77° E. of well 6F9. Piezometer 6F12 is 62.9 feet S. 16° E. of well 6F9. Piezometer 6F13 is 63.2 feet N. 83° E. of well 6F9.

'Diameter of open hole is 6 inches from a depth of 18 to 82 feet and is 4 inches from 82 to 159 feet.

Using aquifer-property values obtained from the
above analysis, one can now simulate the drawdown
in the pumped interval. The upper curve in figure
21B, obtained by setting r=r, =025 ftand z = 7.5
ft, shows that the simulated drawdowns are larger
than the measured drawdowns for the entire test. The
lack of fit during early time results from neglecting
wellbore storage. The lack of fit at late time indicates
that the wellbore may be surrounded by a local area
of higher permeability rocks. Using an effective
wellbore radius (r,,,) of 1.0 ft substantially improves
the match between the simulated and measured draw-
downs (lower curve of fig. 21B). The skin factor is
simulated, using equation 4, to be —1.4. If the area of

enhanced permeability is assumed to extend between
1 and 5 ft from the pumped well, then according to
equation 3, the hydraulic conductivity of rocks that
immediately surround the pumped well should be
about two to three times the overall value at the site.

Site 5N5

Site SN5 is near the southeastern end of Lee Valley
(fig. 1). Thickness of the regolith at the site is about
60 ft. Well logs indicate that the transition zone ex-
tends from the bottom of the regolith to a depth of
about 110 ft. At the time of the aquifer test (Decem-
ber 1987), depth to water was about 77 ft below land
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surface. At the site, there are two wells, 17S/2E-5N5
and 17S/2E-5N7. The former is a privately owned,
unused water well. The latter was drilled by the
USGS for this study. Construction data for both wells
are given in table 3.

Three packers were installed in well 17S/2E-5N7
at depths of 118, 191, and 248 ft. The observation
intervals are 77 to 117 ft (top interval), 119 to 190 ft
(upper-middle interval), 192 to 247 ft (lower-middle
interval), and 249 to 328 ft (bottom interval).
Response to packer inflation was not recorded. Thus,
the characteristic response times of the intervals are
not known.

One aquifer test was done by pumping from well
17S/2E-5N5, in which a packer was installed at a
depth of 118 ft. The interval above the packer was
pumped for 7 hours at a constant rate of 1.9 gal/min.
Measured water levels are shown in figure 22. Note
that the water level in only the top observation inter-

val in well 17S/2E-5N7 showed response to pumping.

The water levels in the upper-middle and lower-middle
intervals continued their gradual rise or decline toward

their equilibrium values. The transducer in the bottom
interval malfunctioned during the first half of the test,
but data recorded during the second half show that
this interval also did not respond to pumping.

A second test was attempted by pumping from
the interval below the packer in well 17S/2E-5N5.
However, the interval could not yield enough water to
sustain the lowest pumping rate of the pump. Thus,
the bedrock is assumed to be sufficiently imperme-
able that it can be neglected in the aquifer test.

The one-zone model, representing the transition
zone, is used for data analysis. Both the pumped in-
terval in well 17S/2E-5N5 and the top interval in well
17S/2E-5N7 fully penetrate the transition zone. Thus,
the physical dimensions (defined in the section
" Analysis for One-Zone Test") used in the model are
b=331ft,d=0ft,L=33ft r=292ft z, =33 ft,
and z, = 0 ft. It is assumed that the upper observation
interval in well 17S/2E-5N7 has a sufficiently fast
response that delay effects may be neglected.

The aquifer-property values used to fit the simu-
lated drawdowns to the measured drawdown are
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17S/2E-7C6 and 17S/2E-7C7 (B). Schematic diagram (C) illustrates configuration of wells and piezometers.
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Table 4. Aquifer-property values determined from aquifer tests

[Construction data for test wells and piezometers are given in table 3. For site 6F9, each test has two lines of entries for each of the hydrogeologic
zones tested. The regolith aquifer-property values for test 1 are from analysis of data from piezometers 17S/2E-6F10 and 17S/2E-6F13. The transition-
zone values for both test 1 and test 2 are from analysis of data from piezometers 17S/2E-6F11 and 17S/2E-6F12. The unweathered bedrock aquifer-
property values for test 2 are from analysis of data from the top and bottom intervals of observation well 17S/2E-6F14]

Horizontal hydraulic

Vertical hydraulic

Site Hydrogeologic conductivity conductivity Specific storage  Specific yield
No. zone (foot per second) (foot per second) (per foot) (unitless)
7C1 regolith!
transition zone 2.8x10°% 7.5%107 5x10¢ 0
unweathered bedrock®
5N5 regolith*
transition zone 1.8x10° 2.0x10° 3.0x10°% 2x107?
unweathered bedrock’
31N4 regolith* 4
transition zone 1.3x103 2x10* 51x10° 6x1073
unweathered bedrock®
6R2
Test 1 regolith!
transition zone 3.8x10° 2x10°% 2.5x10° 0
unweathered bedrock 3x107 2x10° 1x107 ®
Test 2 regolith'
transition zone 5.0x10° 1x10°% 5.0x10% 0
unweathered bedrock 1.0x10° 3.0x10° 1x107 ®
6F9
Test 1 regolith 2x10* 8x10° "1x10° 1x102
7x10° 1x10° "1x10% 1x1072
transition zone 2.5x10¢ 7x107 1.8x10¢ ®
2.5x10¢ 4x107 3.6x10° ®
unweathered bedrock®
Test 2 regolith®
transition zone 4x10°¢ 3x107 1x10°¢ Q)
2x10°¢ 2x107 2x10°¢ Q)
unweathered bedrock 3x107 5x10° 1x107 ©
2x107 1x10% 3x107 ®
'Absent. *Confined. °’Nonproductive. “Unsaturated. *Unreliable. °Not tested. ’Assumed value.

given in table 4. The model fits the data well (see fig.
23A). The delayed gravity response of the water table
is well illustrated by the initial rise of the drawdown
curve at early time, the flattening of the curve at
intermediate time, and the rise at late time. At early
time, water is released primarily from compressive

storage, and at late time, water is released from low-
ering of the water table.

The test results suggest that the transition zone
is nearly isotropic. The specific yield of 2x102 is
within the range of fracture porosity of many frac-
tured crystalline rocks. Because the test did not last
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long enough for the late-time drawdown curve to
develop fully, the estimates of horizontal hydraulic
conductivity and the specific yield probably have
an error range of plus or minus 50 percent. Sensi-
tivity analysis shows that the vertical hydraulic
conductivity and the specific storage also are
subject to the same error range.

The drawdown measured in the pumped interval
and the simulated drawdown that was obtained using
the model in conjunction with the aquifer-property
values determined from the observation-well data
(table 4) are shown in figure 23B. The upper curve is
simulated by letting r = r,, = 0.25 ft and z = 16.5 ft.
The simulated drawdowns are about 1.5 times the
measured drawdowns, indicating that the wellbore
may be surrounded by a local area of higher perme-
ability rocks. An improved fit is obtained by assum-
ing an effective wellbore radius of 1.3 ft (lower curve
in fig. 23B). This value is similar to that obtained for
the pumped well at site 7C1 and suggests that the
hydraulic conductivity of the rocks surrounding the
wellbore is about two to three times the overall
hydraulic conductivity of the aquifer.
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Figure 21. Measured and simulated drawdowns at site
7C1 in piezometers 17S/2E-7C6 and 17S/2E-7C7 (A)
and in pumped well 17S/2E-7C1 (B).

Site 31N4

Site 31N4 is near the northwestern end of Lee
Valley (fig. 1). At the site, the regolith extends to a
depth of about 40 ft, below which the transition zone
extends to about 90 ft below land surface. At the time
of the aquifer tests (January 1988), the depth to water
was about 46 ft. At the site, there are two wells. Test
well 16S/2E-31N4 is a privately owned, unused water
well. Observation well 16S/2E-31N6 was drilled by
the USGS. Construction data for both wells are given
in table 3.

Three observation intervals were created in well
16S/2E-31N6 by installing packers at depths of 97
and 186 ft. The top interval extended from the water
table (46 ft) to 96 ft, the middle interval extended
from 98 ft to 183 ft, and the bottom interval extended
from 187 ft to the bottom of the well (311 ft). Re-
sponses of the three intervals to packer inflation are
illustrated in figure 24. The characteristic response
time of the top interval was 1.87 minutes. Note that
the heads in the middle and bottom intervals contin-
ued to decline well after the head in the top interval
had equilibrated. In fact, these two heads declined
below the head in the top interval and did not reach
their equilibrium levels until several days after the
aquifer test. The final equilibrium heads in the three
intervals are reversed from those shown in figure 24
and show a strong downward hydraulic gradient,
which provides a driving force for downward move-
ment of water. This test site is in the recharge area of
Lee Valley, and thus downward water movement is
expected. The strong downward gradient may indicate
either a large downward water flux or a poor connec-
tion between the transition zone and the unweathered
bedrock. Of the two possibilities, the second is
supported by the results of the aquifer test.

One test was done at this site. A packer was
installed in the pumped well 16S/2E-31N4 at a depth
of 100 ft. The top interval, from 46 to 98 ft, was pumped
for 7 hours 40 minutes. The pumping rate initially
was set at 1.5 gal/min, but soon after the start of the
test, water level in the pumped interval declined to
near the level of the pump intake. A recirculation
system was set up whereby a portion of the pumped
water was returned to the well, and the pumping rate
eventually was decreased to 0.5 gal/min. During the
entire test, the hydraulic heads in the middle and
bottom observation intervals of well 16S/2E-31N6
continued their steady decline, and there were no
measurable deviations caused by pumping. Shown in
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figure 25 are the measured head in the top observa-
tion interval in well 16S/2E-31N6, the pumped inter-
val in well 16S/2E-31N4, and the pumping rates.
Note that the head in the pumped interval began to
recover when the pumping rate was decreased to 0.5
gal/min. The pretest head in the top observation inter-
val showed a slight upward trend. This trend was
extrapolated into the pumping period to calculate
drawdowns.

A second test was attempted by pumping from
the interval below the packer in well 16S/2E-31N4.
However, the interval could not yield enough water to
sustain the lowest pumping rate of the equipment.

Thus, the unweathered bedrock is assumed to have
very low permeability at the site.

The one-zone model, representing the transition
zone, is used for analysis. The pumped interval in
well 16S/2E-31N4 is assumed to penetrate the entire
thickness of the transition zone, and the top observation
interval in well 16S/2E-31N6 is assumed to monitor the
depth-averaged head in the transition zone. The
physical dimensions (see the section "Analysis for
One-Zone Test") used in the model are b = 44 ft,
d=0ft, L=44ft,r=310ft,z; =44 ft, and z, = O ft.

The aquifer-property values determined from the
analysis are given in table 4. The measured drawdown
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data are fitted to the "late-time" part of the simulated
drawdown curve; that is, water is assumed to be re-
leased from lowering of the water table. This assump-
tion is made because fitting the data to the
"early-time" part of the simulated drawdown curve
would yield a specific storage of about 1x1074/f,
which is several orders of magnitude larger than what
commonly is expected for fractured crystalline rocks.
The calculated drawdowns fit the measured draw-
downs well (see fig. 26). Sensitivity analysis indicates
that the horizontal hydraulic conductivity and the
specific yield were determined within an error range
of about plus or minus 25 percent. The value of
6x1073 obtained for specific yield is low but within
the range of fracture porosity for fractured crystalline
rocks. The value obtained for the vertical hydraulic
conductivity is a lower bound; higher values do not
change the simulated drawdown curve. Thus, the
hydraulic conductivity of the transition zone seems to
be at least 10 times higher in the vertical direction
than in the horizontal direction. Because of the high
vertical hydraulic conductivity, drainage of the water
table can occur relatively soon after the start of
pumping, and the test becomes almost entirely insen-
sitive to the specific storage. Although the value of
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Figure 23. Measured and simulated drawdowns at site
5NS5 in top interval of well 17S/2E-5N7 (A) and in
pumped interval of well 17S/2E-5N5 (B).

1x1075/ft for specific storage was selected as a rea-
sonable value to be used for model calculation, it may
not be representative of the transition zone at this site.
This value can be varied by several orders of magni-
tude without affecting the simulated drawdown curve.

Analysis of the drawdown at the pumped interval
shows that the effect of wellbore storage persisted
over almost the entire test period. Because of this
persistence, it would be inappropriate to neglect well-
bore storage by setting the radial distance equal to the
wellbore radius in the one-zone model. Instead, the
wellbore-skin model of Agarwal and others (1970) is
used in the analysis. As noted in the section "Effect
of Wellbore Storage in Pumped Well," this model
accounts for both wellbore storage and skin effects of
a pumped well that fully penetrates a confined aqui-
fer. To apply this model to a water-table aquifer, two
additional conditions must be met: (1) The drawdown
of the water table must be small so that the saturated
thickness remains virtually constant, and (2) the verti-
cal hydraulic conductivity must be sufficiently large
that there is little delay in water-table drainage. For
the study case, both conditions are satisfied.

The measured and simulated drawdowns for vari-
ous assumed values of skin factor, G, are shown in
figure 26. Note that in the absence of skin effect (¢ =
0), the simulated drawdown at late time is only about
one-fifteenth as great as the measured drawdown. To
obtain a match between the measured and simulated
drawdowns, a skin factor of 90 is required. Such a
skin factor implies that the pumped well is surrounded by
a local area of less permeable rocks. Assuming that this
region extends between 1 and 5 ft away from the
wellbore, equation 3 yields a local hydraulic conduc-
tivity that is about 0.03 times the overall hydraulic
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conductivity of the aquifer. If this area of lower
permeability were not taken into account, then analy-
sis of the pumped-well drawdown would significantly
underestimate the overall hydraulic conductivity of
the aquifer.

Site 6R2

Site 6R2 is in the east-central part of Lee Valley
(fig. 1). Except for a thin mantle of soil, there is no
regolith at the site. Well logs indicate that the transi-
tion zone extends from land surface to a depth of
about 80 ft. At the time of the aquifer tests (January
1988), the depth to water was about 38 ft from land

surface. At the site are two wells, 17S/2E-6R2 and
17S/2E-6R3. The former is a privately owned, unused
water well. The latter was drilled by the USGS for
this study. Construction data for both wells are given
in table 3.

To create two observation intervals in well
17S/2E-6R3, a packer was installed at a depth of 86
ft. The top interval extends from the water table to 84
ft, and the bottom interval extends from 88 ft to the
bottom of the well (159 ft). The responses of the two
intervals to packer inflation are illustrated in figure
27. Note that the bottom interval has a considerably
slower response than the top interval. The characteris-
tic response times, as determined by the method
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shown in figure 19, are 4.1 minutes for the top inter-
val and 105 minutes for the bottom interval.

Two tests were done at this site by pumping from
well 17S/2E-6R2. In test 1, a packer was installed at a
depth of 100 ft in well 17S/2E-6R2. The top interval,
from the water table (38 ft) to the top of the packer
(84 ft), was pumped for 3 hours 20 minutes. The ini-
tial pumping rate was 3 gal/min, but as the water
level in the pumped interval declined to near the
pump intake, the pumping rate was decreased several
times, eventually to 1.5 gal/min. The pumping rate
and the measured hydraulic heads in the pumped (top
interval) and observation intervals (both top and bot-
tom intervals) are shown in figure 28. Recovery of
hydraulic head in the pumped interval can be seen
when the pumping rate was decreased to 1.5 gal/min.
In test 2, a packer was installed at a depth of 87 ft in
well 17S/2E-6R2. The bottom interval, from 89 ft to
the bottom of the well (203 ft), was pumped at a con-
stant rate of 1.3 gal/min for 4 hours. Measured
hydraulic heads in the pumped (bottom interval) and
observation (top and bottom) intervals are shown in
figure 29.

The two-zone model is used for analysis. The
upper zone represents the transition zone, and the
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31N4 in top interval of well 16S/2E-31N6 (A) and in
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lower zone represents the unweathered bedrock. It is
assumed that the bedrock becomes impermeable
below a depth of 200 ft (approximate depth of well
17S/2E-6R2). In observation well 17S/2E-6R3, the
water level in the top interval is assumed to represent
the average head over the entire thickness of the tran-
sition zone, and the water level in the bottom obser-
vation interval is assumed to represent the average
head from the top of the unweathered bedrock to the
bottom of well 17S/2E-6R3. The physical dimensions
(as defined in the section "Analysis for Two- and
Three-Zone Tests") used in the two-zone model are as
follows: b; = 42 ft, b, = 120 ft, and r = 30.8 ft; for
the upper interval in 17S/2E-6R3, z; = 42 ft and z, =
0 ft; for the lower interval, z; = O ft and z, = 79 ft.

In both tests, the packer in the pumped well was
installed slightly below the inferred contact between
the transition zone and the unweathered bedrock. For
the purpose of the analysis, however, pumpage from
the top interval (test 1) is assumed to be entirely from
the transition zone, and pumpage from the bottom
interval (test 2) is assumed to be entirely from the
bedrock. Thus, for test 1, d; = 0 ft and L, = 42 ft. For
test 2, d, =0 ftand L, = 120 ft.

The aquifer-property values obtained from analy-
sis of test 1 are given in table 4. The measured and
simulated drawdowns are shown in figure 30. Sensi-
tivity analysis shows that the horizontal hydraulic
conductivity and the specific storage of the transition
zone could be determined with an error range of
about plus or minus 25 percent. The values for the
horizontal hydraulic conductivity and the specific
storage of the unweathered bedrock are both upper
bounds; the slow response time of the bottom obser-
vation interval in well 17S/2E-6R3 causes a lack of
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sensitivity. The values for the vertical hydraulic con-
ductivities of both zones are lower bounds; increasing
these values does not change the quality of the fit.
The zero value of specific yield could indicate that
the transition zone is locally confined at this site. This
conclusion is supported by the presence of barometric
fluctuations in long-term water-level records in well
17S/2E-6R2.

Aquifer-property values obtained from analysis of
test 2 are given in table 4. As shown in figure 31, the
simulated drawdowns fit the measured drawdowns
well. Sensitivity analysis shows that the aquifer-property
values can be varied slightly in offsetting directions so
that the resultant fits are not changed substantially. The
horizontal hydraulic conductivity and the specific storage
of the transition zone, as well as the horizontal and verti-
cal hydraulic conductivity of the unweathered bedrock,
can be determined with an error range of about plus or

minus 50 percent. The vertical hydraulic conductivity of
the transition zone and the specific storage of the bedrock
should be regarded as order-of-magnitude estimates.

A comparison of the results of test 1 and test 2
(table 4) shows that the aquifer-property values for
the transition zone obtained from both tests are within
a factor of two from one another. The values for the
unweathered bedrock indicate a larger variation
(about an order of magnitude). Despite these varia-
tions, the two tests together provide a fairly consistent
picture of the fractured-rock aquifer at the site. The
horizontal hydraulic conductivity of the transition
zone is about 1 to 2 orders of magnitude greater than
that of the unweathered bedrock. The specific storage
of the transition zone is at least two orders of magni-
tude greater than that of the unweathered bedrock.
The transition zone may be slightly anisotropic, the
horizontal hydraulic conductivity being two to five
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times greater than the vertical hydraulic conductivity.
The unweathered bedrock, on the other hand, appears
to be anisotropic in the opposite sense of the transi-
tion zone. The ratio of horizontal to vertical hydraulic
conductivity ranged from 1:67 to 1:3.

Site 6F9

Site 6F9 is in the west-central part of Lee Valley
(fig. 1). Drillers' logs indicate that the regolith at this
site extends from land surface to a depth of about 40
ft. The transition zone is estimated to extend from 40
to 80 ft. At the time of the aquifer tests (January
1988), depth to water was about 28 ft from land sur-
face. Of the five sites at which hydraulic tests were
done in this study, this is the only site in which the
water table lies within the regolith. Consequently, the
site is more heavily instrumented, with two wells and
four piezometers. The configuration of the wells and
piezometers at the site is shown in figure 32. Well
17S/2E-6F9 is a privately owned, unused water well.
Well 17S/2E-6F14 and the four piezometers, 17S/2E-
6F10, -6F11, -6F12, and -6F13, were installed by the
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USGS for this study. Piezometers 17S/2E-6F10 and
17S/2E-6F13 are completed in the regolith, and
piezometers 17S/2E-6F11 and 17S/2E-6F12 are com-
pleted in the transition zone. Construction data for
wells and piezometers are given in table 3.

Three packers were installed in well 17S/2E-6F14
to create four observation intervals: 57 to 85 ft (top
interval), 87 to 109 ft (upper-middle interval), 111 to
141 ft (lower-middle interval), and 143 to 189 ft (bot-
tom interval). The top interval allows monitoring
primarily of the transition zone, and the lower three
intervals allow monitoring at different depth ranges
within the unweathered bedrock.

Characteristic response times of the piezometers
and the observation intervals all are small. Thus,
effects of delayed response are not considered in the
analysis of the tests.

Two aquifer tests were done at this site. The first
test involved pumping from the transition zone, and
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the second from the unweathered bedrock. In test 1, a
packer was installed in well 17S/2E-6F9 at a depth of
83 ft. The interval above the packer was pumped at a
constant rate of 2.3 gal/min for 20 hours. The rela-
tively long duration was needed to create a measur-
able drawdown in the regolith while pumping from
the transition zone. Measured heads are shown in
figure 33. Note that the regolith piezometers (17S/2E-
6F10 and 17S/2E-6F13) showed relatively small
drawdowns, whereas the transition-zone piezometers
(17S/2E-6F11 and 17S/2E-6F12) showed larger draw-
downs. No discernible drawdown was measured in
the four observation intervals in well 17S/2E-6F14.
In test 2, the packer in well 17S/2E-6F9 was low-
ered to 150 ft, and water was pumped from the inter-
val below the packer at a constant rate of 4.0 gal/min
for 6.5 hours. Measured heads are shown in figure 34.

Determination of Hydraulic Properties Using Aquifer Tests

Prior to the start of pumping, a nearby domestic well
was turned on for a brief period, creating a distur-
bance in the pretest water level in well 17S/2E-6F9.
For this well, the measured drawdowns were cor-
rected by graphically extrapolating the recovery data
from the pretest disturbance. In the piezometers, the
effect of the disturbance is almost imperceptible and
therefore is neglected. Also, note that the regolith
piezometers (17S/2E-6F10 and 17S/2E-6F13, fig.
34B) showed no drawdown during the test, and the
lower three observation intervals in well 17S/2E-6F14
showed virtually identical heads. Therefore, only the
head of the bottom interval is shown along with the
head of the top interval (fig. 34C).

An additional test was attempted in well
17S/2E-6F9 by pumping from a packed-off interval
from 86 to 126 ft. This interval is of interest
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because caliper and acoustic-televiewer logs seem
to indicate the presence of several large fractures.
However, the interval could not yield enough water
to sustain the lowest pumping rate (about 1.2 gal/min)
of the equipment. Therefore, this interval could not
be tested.

In using the two-zone model for analysis of test
1, it is assumed that the unweathered bedrock is im-
permeable. In the test, pumping from the transition
zone induces flow from both the regolith and the
weathered bedrock to the transition zone. Neglecting
the unweathered bedrock has the effect of neglecting
the volume of water contributed from the unweath-
ered bedrock. This volume is expected to be much
smaller than that from the regolith because water
from the regolith can be released by lowering of the
water table, whereas water from the unweathered
bedrock is released from compressive storage. Thus,
the simplification seems reasonable. The physical dimen-
sions (see the section "Analysis for Two- and Three-
Zone Tests") used in the model for the four piezometers
are by =106 ftand b, =40 ft; r=26.7 ftand z =74 ft
for 17S/2E-6F10; r = 32.9 ft and z = —6.5 ft for 17S/2E-
6F11; r =629 ft and z = —12.5 ft for 17S/2E-6F12; and
r=63.2 ft and z = 0.3 ft for 17S/2E-6F13.
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Aquifer-property values obtained from test 1 are
shown in table 4. The drawdown data are analyzed in
pairs—piezometers 17S/2E-6F10 and 17S/2E-6F11
form a regolith/transition zone data pair at a radial
distance of about 30 ft, and piezometers 17S/2E-6F12
and 17S/2E-6F13 form another pair at a radial dis-
tance of about 60 ft. For site 6F9, two values are
given in table 4 for each aquifer property because the
fitting was done separately for each data pair. The
first and third lines under the heading "6F9, Test 1,"
give combined results from analysis of data from
piezometers 17S/2E-6F10 and 17S/2E-6F11, and the
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Figure 34. Measured water level at site 6F9 in pumped
interval of well 17S/2E-6F9, test 2 (A); in piezometers
17S/2E-6F10, 17S/2E-6F11, 17S/2E-6F12, and 17S/2E-
6F13, test 2 (B); and in top and bottom intervals of
observation well 17S/2E-6F14, test 2 (C).
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second and fourth lines give combined results from
analysis of data from piezometers 17S/2E-6F12 and
17S/2E-6F13. The test was not sensitive to specific
storage of the regolith, so a value of 1x107/ft was
assumed for the purpose of test analysis. The simu-
lated and measured drawdowns are shown in figure
35. Except for early-time drawdown in the regolith,
the simulated drawdowns match the measured draw-
downs well. The similarity between the aquifer-
property values determined from the data for the two
pairs suggests that the two-zone model adequately
represents the aquifer at the test site.

In analyzing test 2, the upper zone of the two-
zone model is used to represent the transition zone,
and the lower zone represents the unweathered bed-
rock. The regolith is not accounted for explicitly.
Because of the presence of the water table, the re-
golith has a much larger storage capacity than the
transition zone or the unweathered bedrock. Conse-
quently, the drawdown in the regolith should be very
small and can be considered negligible. This assump-
tion is supported by the test data, which showed no
measurable drawdowns in the two regolith piezometers,
17S/2E-6F10 and 17S/2E-6F13. For test analysis, the
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Figure 35. Measured and simulated drawdowns at site
6F9 in piezometers 17S/2E-6F12 and 17S/2E-6F13, test
1 (A); and in piezometers 17S/2E-6F10 and 17S/2E-
6F11, test 1 (B).

two-zone model is modified slightly so that the water-
table boundary of the upper zone is replaced by a
boundary of zero drawdown. This is achieved by
assigning a larger value to S for the upper zone in the
model. The physical parameters used in the model
(see the section "Analysis for Two- and Three-Zone
Tests") are by = 40 ft, by = 117 ft, d, = 74 ft, and
L, =94 ft; r =329 ft and z = 33.5 ft for piezometer
17S/2E-6F11; r =629 ft and z = 27.5 ft for piezom-
eter 17S/2E-6F12; r =96.5,z; =25 ft, and z, = 0 ft
for the top observation interval in well 17S/2E-6F14;
and r=96.5, z; = —61 ft, and z, = —107 ft for the
bottom observation interval in well 17S/2E-6F14.
The aquifer-property values obtained from analy-
sis of drawdowns measured in the two transition-zone
piezometers, 17S/2E-6F11 and 17S/2E-6F12, are
shown in table 4 (under the heading "6F9, Test 2,"
see first line of "transition zone" entries and first line
of "unweathered bedrock” entries). The two sets of
drawdown data were analyzed jointly. The measured
and simulated drawdowns are shown in figure 36. A
certain amount of subjective judgment was required
to select the aquifer-property values because no one
set of values produced drawdown curves that match
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Figure 36. Measured and simulated
drawdowns at site 6F9 in piezometers
17S/2E-6F11 (A) and 17S/2E-6F12
(B), test 2.
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both data sets. However, the matches shown in figure
36 (taking into account the simplicity of the model)
are considered adequate.

The aquifer-property values obtained from ana-
lyzing drawdowns observed in the top and bottom
intervals in well 17S/2E-6F14 are given in table 4
(under the heading "6F9, Test 2," see second line of
"transition zone" entries and second line of "unweath-
ered bedrock” entries). The measured and simulated
drawdowns are shown in figure 37. We were not able
to produce drawdown curves that fit all the data, and
thus a fit to the late-time data was selected. The lack
of fit suggests that the current two-zone model may
not be adequate for representing the aquifer at this
site. The aquifer may be sufficiently heterogeneous
that the homogeneity assumption for each zone may
not be appropriate. Therefore, the results for site 6F9,
test 2, given in table 4 should be considered to be
preliminary.

The results of the tests from two different pump-
ing intervals indicate that the horizontal hydraulic
conductivity and the specific storage decrease from
the regolith downward through the transition zone to
the unweathered bedrock. The transition-zone prop-
erty values obtained from the two tests are consistent
(table 4). The regolith and the transition zone show
similar degrees of anisotropy, with the ratio of hori-
zontal to vertical hydraulic conductivity ranging from
about 3:1 to 13:1. Conflicting results are obtained for
the anisotropy in the unweathered bedrock. For
example, one set of results from test 2 (table 4) gives
an anisotropy ratio of 6:1, but a second set of results
(table 4) gives a ratio of 1:50—in the opposite sense
of the first ratio. In view of the poor fit between
simulated and measured drawdowns in the analysis,
the conflicting results are not surprising. Resolution
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Figure 37. Measured and simulated drawdowns at site
6F9 in top and bottom intervals of observation well
17S/2E-6F14, test 2.

of this conflict would require further study to charac-
terize the site in greater detail so that an improved
aquifer model could be formulated.

Summary of Aquifer-Property Values

A summary of the aquifer-property values deter-
mined from aquifer tests done at five selected sites is
given in table 5. For each pumping interval that was
tested, the table gives the horizontal hydraulic con-
ductivity (K,), the ratio of horizontal to vertical
hydraulic conductivity (K,:K ), the specific storage
(S,), and (where appropriate) the specific yield (Sy).
For tests in which more than one pumping interval
was used at a particular site, the values in the table
represent the average of the results obtained.

Hydraulic Conductivity

Saturated regolith may occur in disconnected
patches throughout Lee Valley. At four of the five
aquifer-test sites, the regolith was either absent or
unsaturated. However, those four sites (7C1, 5N35,
31N4, 6R2) are near the edge of the valley floor. In
the valley center, the saturated regolith may form a
more extensive layer. On the basis of one test, at site
6F9, the horizontal hydraulic conductivity of the
regolith was determined to be 1x10~* ft/s. The verti-
cal hydraulic conductivity is about one-fifth of the
horizontal hydraulic conductivity.

Perhaps the most important feature shown by
aquifer-property data in table 5 is the similarity
between the horizontal hydraulic conductivities of the
transition zone. For the five selected sites, the values
ranged from 3x1076 to 4x1075 ft/s. This range is
quite small, in view of the high degree of heterogene-
ity that is characteristic of fractured-rock aquifers.
The test results indicate that the horizontal hydraulic
conductivity of the transition zone is relatively uni-
form from one part of Lee Valley to another. Thus,
the transition zone is expected to provide the most
consistent well yields in Lee Valley.

The aquifer-property values for the transition
zone (table 5) also suggest a relation between aniso-
tropy and confinement. Of the four sites at which the
transition zone occurs as the topmost saturated layer
(that is, the regolith is either absent or unsaturated),
two seem to be locally confined and the other two
show water-table conditions. Note that the locally
confined transition-zone sites have higher horizontal
than vertical hydraulic conductivities, and that the
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Table 5. Summary of aquifer-property values determined at five test sites

Horizontal hydraulic Ratio of
Site conductivity horizontal and Specific storage Specific yield
No. (foot per second) vertical hydraulic (per foot) (unitless)
conductivity
Regolith
7C1!
5N5*
31N4?
6R2!
6F9 1x10* 5:1 A 1x10?
Transition zone
7C1 2.8x10° 37: 5x10° *
5N5 1.8x103 1:1.1 3.0x10° 2x10
31N4 1.3x10° 1:15 51x10°¢ 6x107
6R2 4x10° 31 4x10° )
6F9 3x10° 8:1 2x10°® @)
Unweathered bedrock
7C1°
5N55
31N45
6R2 7x107 1:35 1x107 @)
6F9 2x107 6:1 to 1:50 2x107 @)
'Regolith absent.  Regolith unsaturated. >Not tested. “Locally confined.  *Unreliable result. *Nonproductive.

reverse is true for the two transition-zone sites that
show water-table conditions. This apparent relation
may be due to a greater degree of vertical fracturing
at the sites with water tables. The lack of vertical
fractures would cause lower vertical hydraulic con-
ductivity, resulting in confined conditions.

The hydraulic conductivity of the unweathered
bedrock (table 5) seems to be highly variable. At
three of the five test sites, the unweathered bedrock
did not yield enough water to sustain the lowest
pumping rate of the equipment; thus, a test to deter-
mine hydraulic conductivity could not be done. At the
remaining two sites, the horizontal hydraulic conduc-
tivities ranged from 2x10~7 to 7x1077 ft/s. These
values are about 1.5 to 2 orders of magnitude lower
than those of the transition zone. However, the study
did not include testing of areas near lineaments that
have been mapped in Lee Valley. Drillers' logs indi-
cate that the hydraulic conductivities along these lin-
eaments may be significantly higher than in areas
away from the lineaments.

The vertical hydraulic conductivity of the un-
weathered bedrock also shows large variations (table 5).
There are some indications that the vertical hydraulic

conductivity can be more than an order of magnitude
greater than the horizontal (see results for site 6R2).
If this is characteristic of the unweathered bedrock,
then it implies the presence of open, vertical fractures
to depths of 100 to 200 ft. Pumping from the un-
weathered bedrock would induce significant vertical
flow from the overlying transition zone. The implica-
tion is that although a well may be pumped from the
unweathered bedrock, a significant part of the pumped
water may be derived from the transition zone and possi-
bly from the saturated regolith. This conjecture, however,
has not been substantiated in this study.

Specific Storage and Specific Yield

The specific storage of the regolith could not be
determined accurately because the test was not sensi-
tive to it. On the basis of one test, the specific yield
of the regolith was 1x10~2. This value is not unrea-
sonable in view of the relatively high clay content of
the regolith.

The specific storage of the transition zone ranged
from 1x107%/ft to 4x1075/ft. At the two sites where
the water table was within the transition zone, the
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specific yields were 6x1073 and 2x1072. These values
are within the range found for near-surface fractured
crystalline rocks.

At the two sites where the unweathered bedrock is
productive, the specific storage ranged from 1x10~7/ft to
2x10~7/ft. This is 1 to 2 orders of magnitude less than
the specific storage of the transition zone. The results
suggest that in regions away from lineaments, the
unweathered bedrock, in itself, may not yield a
significant amount of water.

GROUND-WATER RECHARGE AND
DISCHARGE

Recharge to the fractured-rock aquifer in Lee
Valley varies from year to year and is dependent on
several factors—some varying with time and some
constant. These factors include the quantity and tim-
ing of rainfall; the ability of the aquifer to take water
into, or release water from, storage (the storage coef-
ficient); and the quantities of ground water pumped
(pumpage), discharged by evapotranspiration (a com-
bined product of climatic variables and vegetation),
and discharged from the aquifer to streams.

The relation used to calculate ground-water
recharge is
Ground-water recharge = change in ground-water

storage
+ ground-water pumpage
+ evapotranspiration
from the saturated
zone
+ stream base flow
Each of these factors is discussed below. Ground-
water recharge was calculated for water year 1988
(October 1, 1987, through September 30, 1988).

Change in Storage

The change during water year 1988 in the quan-
tity of water in storage in the aquifer was calculated
by first determining the difference in water levels
between October 1, 1987, and September 30, 1988.
The water-level rises and declines were mapped and
grouped using a weighted average to allow area mea-
surements of each change category (fig. 38). Each
area of change was multiplied by the amount of
change and then summed. This volume of aquifer was
multiplied by the low and high values of the range of
specific yield (1x1072 and 2x1072) determined from

the aquifer tests discussed in this report. Thus, the
calculated volume of change in storage during water
year 1988 ranges from —5.5 to —11.0 acre-ft, depend-
ing on the value of specific yield used.

The amount of change in storage fluctuates from
year to year, depending primarily on rainfall. For com-
parison with water year 1988, the change in storage dur-
ing the relatively dry water year 1984 ranges from —45.3
to —90.6 acre-ft. For the moderately wet 1987 water year,
the change in storage ranges from —16.5 to —33.0 acre-ft.

Pumpage

Ground-water pumpage for domestic use and irriga-
tion during water year 1988 was estimated for three
households (from pumpage records) and for a fourth
property (from calibrated electrical usage for a pump).
The values ranged from 0.21 to 0.31 acre-ft, and the
average use per household was 0.23 acre-ft (205 gal/d).
Therefore, the total pumpage during water year 1988 for
80 households is estimated to be 18.4 acre-ft.

The average ground-water use by the monitored
households for water year 1988 was less than the
average (0.52 acre-ft) for 1983-88. The latter value
yields an average annual ground-water pumpage of 42
acre-ft. The difference may be a result of the rela-
tively high rainfall of 20.99 in. in rain year 1987-88
(1983-88 average was 15.87 in.) and (or) a change in
the amount of water used for irrigation. In the re-
charge calculation, 18.4 acre-ft is used as the estimate
of minimum annual ground-water pumpage, and 42
acre-ft is used as the estimate of maximum pumpage.

Evapotranspiration from the Saturated Zone

The calculation of recharge requires an estimate
of evapotranspiration from the saturated zone. This is
a quantity that is difficult to determine. In this study,
two methods were used to estimate ground-water
evapotranspiration: (1) analysis of daytime decrease
in stream base flow; and (2) approximation based on
calculated potential evapotranspiration. Together, the
two methods provided a range of values that could be
used in the recharge calculations. For both methods,
the assumption was made that all ground-water
evapotranspiration from the saturated zone may be
attributed to the holly-leaf oaks (Quercus agrifolia)
growing along Jamul Creek and in the valley flat
(fig. 2).
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storage may be about 15 times the average quantity of
recent (1983-88) annual use (about 42 acre-ft). If
below-average recharge were to occur over a period
of several years, especially if combined with in-
creased use of ground water, a significant depletion of
ground water in storage could result within a decade.
The rate of depletion would be lessened somewhat when
the water table declines below the depth from which the
holly-leaf oaks withdraw ground water by transpiration.

Recharge volumes and water levels in Lee Valley
during the 1983-88 period of monitoring fluctuated
and were, at least in part, related to yearly rainfall
(fig. 10). The water levels were highest in 1983, when
water was within 10 ft of land surface in much of the
valley; water levels were high, also, in 1985-86. Both
periods had greater than average rainfall, as shown in
figures 10 and 39. The long-term record (1910-88) of
rainfall for Barrett Dam, which is about 9 mi east of
Lee Valley and at the same altitude as the valley
floor, and the 1985-88 rainfall record for Lee Valley
are shown in figure 39. Correlation for the overlap-
ping years is good. The variation of yearly rainfall at
Barrett Dam, therefore, is an indication of the vari-
ability of rainfall, and thus of recharge, that occurs in
Lee Valley. Ground water in the fractured-rock aqui-
fer of the Peninsular Ranges acts as a buffer during
drought periods, and recharge generally allows water
levels to recover during years of greater-than-average
rainfall. Therefore, fluctuation in recharge, and
patterns of drought, may have a greater effect on the
fractured-rock aquifer in Lee Valley than does ground-
water pumpage at current levels of withdrawal.

SUMMARY AND CONCLUSIONS

Test drilling and geophysical logging of test wells
indicate that the fractured-rock aquifer underlying Lee
Valley can be divided into three zones: (1) regolith,
consisting primarily of weathered granodiorite and
fine-grained gabbro, generally 20 to 60 ft thick; (2) a
transition zone of highly fractured, partly weathered
rock, which generally extends to depths of less than
100 ft; and (3) unweathered bedrock that is fractured
to various degrees. The water table generally is 10-35
ft below land surface in most of the flat central part
of the valley floor, and as much as 70 ft below land
surface at the gently sloping edges of the valley floor.
The thickness of each of the three zones is variable,
and saturated regolith may be limited to isolated
patches separated by regions where the water table
lies below the regolith.

Fractures mapped in boreholes have diverse ori-
entations. The orientations for the two highest con-
centrations of fractures are strike N. 35° W., dip 50°
NE.; and strike N. 18° E., dip 50° W. However, wide
dispersion (rather than concentration) of orientations
probably is more characteristic of the fractures in Lee
Valley. Lineaments mapped from aerial photographs
generally trend northwest and northeast. The northwest-
trending lineaments are subparallel to the trend of Lee
Valley; both may be related to a major structural trend in
the region. Comparison between fractures and lineaments
is difficult because of the difference in scale at which
they are observed: fractures are mapped in boreholes, and
lineaments are mapped on aerial photographs. Although
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Figure 39. Annual rainfall at Barrett Dam, 1910-88, and at Lee Valley, 1985-88. (Barrett Dam is
1,623 ft above sea level and is 9 mi east of Lee Valley. Rain year is July 1 through June 30.)
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the strikes of the fracture concentrations are similar to
the trends of the lineaments (northeast and north-
west), the relation between fractures and lineaments
remains unclear.

The distribution and range of reported water
yields of wells drilled in Lee Valley are characteristic
of igneous-rock terranes. Most yields of wells are low
(less than 15 gal/min), but a few high-yielding wells
(greater than 100 gal/min) do exist. Areal distribution
of high and low well yields does not indicate an ap-
parent pattern. Two wells close to each other can
have a large difference in yield. These differences
result from the heterogeneous characteristics of frac-
tured-rock aquifers. In areas where lineaments have
been mapped in Lee Valley, all the high-yield wells
are near (within 300 ft of) lineaments; however, not
all wells that are drilled near lineaments are of high
yield. Although lineaments may function as a helpful
guide for locating well sites, drilling a well close to
(or on) a lineament does not guarantee high yield.

Water levels in wells show seasonal and long-
term responses to recharge. In general, the water level
rises during the November-to-April rainy season, and
declines during May to October. However, the
amount of fluctuation is variable from year to year,
depending on the rainfall. Water levels in shallow
wells constructed in the regolith tend to respond more
rapidly to recharge than do water levels in wells open
to the transition zone and unweathered bedrock. The
water-level fluctuations indicate that all three zones of
the fractured-rock aquifer form a dynamic, interactive
flow system. A long-term (multiyear) downward
trend in water level indicates that the aquifer is exten-
sively recharged only during periods of exceptionally
high rainfall, whereupon the water level may rise by
tens of feet in some parts of the valley. The water-
level rise is followed by a gradual, long-term decline
superimposed on the seasonal fluctuation. This trend
can continue for a number of years, until the aquifer
is again extensively recharged by exceptionally high
precipitation.

Chemical analyses of water samples indicate that
the age of water from different zones is not markedly
different. Water from deep zones in the unweathered
bedrock generally had higher ionic concentrations
than water from the transition zone and regolith.
Analysis of tritium concentrations in the sampled
water indicates that it was recharged less than 25
years ago.

Hydraulic conductivities for the three aquifer
zones were determined from aquifer tests done at five

sites. For the regolith, the hydraulic conductivity, as
determined from a test at the only test site at which
saturated regolith was present, is 1x10~# ft/s. The
vertical hydraulic conductivity of the regolith is about
one-fifth of the horizontal conductivity.

The values of horizontal hydraulic conductivity
for the transition zone are similar at all five aquifer-
test sites, ranging from 3x1076 to 4x105 ft/s. The
transition zone is expected to provide the most consis-
tent yields of water to wells in Lee Valley. At two
locally confined transition-zone sites, the horizontal
hydraulic conductivity is higher than the vertical hy-
draulic conductivity; however, the reverse is true of
the two transition-zone sites that show water-table
(unconfined) conditions. This difference in conductivity
ratios may be the result of a greater degree of vertical
fracturing at sites where a water table is present.

Results of the aquifer test indicate that hydraulic
conductivity of the unweathered bedrock is highly
variable. At three of five test sites, the unweathered
bedrock was nonproductive. At the remaining two test
sites, the average values of horizontal hydraulic con-
ductivity ranged from 2x1077 to 7x1077 ft/s, which is
about 1 to 2 orders of magnitude lower than those of
the transition zone. However, this study did not in-
clude testing of areas near lineaments that have been
mapped in Lee Valley. Drillers' logs indicate that the
values of hydraulic conductivity along these linea-
ments may be significantly higher than in areas away
from the lineaments.

Storage characteristics also were determined from
the aquifer tests. The specific yield of the regolith, on
the basis of one test, was 1x1072. For the transition
zone, specific storage ranged from 1x107%/t to
4x1075/ft, and specific yield, where a water table is
present, ranged from 6x1073 to 2x10~2. Specific stor-
age of the unweathered bedrock was 2x10~7/ft. This
is 1 to 2 orders of magnitude less than the value of
specific storage of the transition zone. The results
suggest that in areas away from lineaments, the
unweathered bedrock, in itself, may not yield a
significant amount of water to wells.

Recharge to the fractured-rock aquifer in Lee
Valley is variable from year to year. The largest
component of the hydrologic budget is evapo-
transpiration—a component that is difficult to esti-
mate. Recharge in water year 1988 was about 160
acre-ft, and pumpage was estimated to be 18.4 acre-ft.
The average pumpage for 1983-88 was 42 acre-ft/yr.
Water levels have recovered each year to varying
degrees, depending primarily on the amount and
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timing of rainfall during the year. Water stored in the
aquifer acts as a buffer during drought periods. The
calculated change in volume of water in storage dur-
ing water year 1988 ranges from —5.5 to —11.0 acre-
ft, depending on the value of specific yield used in
making the estimate. For comparison, the change in
storage for the relatively dry period 1983-84 ranges
from —45.3 to —90.6 acre-ft, and the change ranges from
-16.5 to -33.0 acre-ft for the moderately wet water year
1987. If below-average recharge were to occur over a
period of several years, especially in combination with
increased use of ground water, a substantial depletion of
water in storage could result within about a decade.

Additional work would be useful in attaining a
better understanding of the geohydrology of Lee Val-
ley, and of fractured-rock hydrology in general. Hy-
draulic tests in Lee Valley during this study were
done in wells that were abandoned owing to their low
yields, and thus the results of these tests may be bi-
ased toward lower estimates of the hydraulic proper-
ties of the aquifer. There is some evidence that wells
drilled within 300 ft of a lineament are likely to yield
larger quantities of water than wells drilled farther
from lineaments. Therefore, hydraulic testing of wells
near lineaments would provide hydraulic information
about the more permeable parts of a fractured-rock
aquifer. In addition, the monitoring of hydraulic heads
separately in the different zones would allow investi-
gation of the long-term interaction between the deeper
unweathered bedrock and the shallower regolith and
transition zones. Other information useful to a more
complete understanding of the geohydrologic system
of Lee Valley could be provided by geophysical stud-
ies to determine the areal extent and thickness of the
regolith and transition zones. Finally, estimates of net
ground-water recharge could be improved through use
of energy-budget methods or porometry methods to
estimate evapotranspiration.
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APPENDIX 1: Analyfical solution for drawdown at a well in which water is pumped from two zones
in a water-table aquifer

Parameters for a two-zone model are illustrated in figure 15 (reproduced on the facing page). We first
consider the case in which water is pumped from the upper zone. The equation of ground-water flow is

1 9 0s, s, 0s, (A-1)
K | — +K =S5 ,
rl[ 7 W[rw]] zlaz2 517
where s, is the drawdown in the upper zone. Similarly, for the lower zone, the equation of ground-water flow is
2
k| 12|25 g P55 0 &2
1 7F or| or 3z2 ot

where s, is the drawdown in the lower zone. The initial condition is zero drawdown in the aquifer; that is,

sl(r’ 2, 0) = Sz(r, Z, 0) = 0. (A"3)
The boundary condition at the water table is
~ s (r,b,,0) s 0s,(r,b,,1) (A-4)
47z o

where the assumption of small drawdown has been invoked. At the boundary between the two zones, continuity of
drawdown and flux requires

5,(r,0,0) = 5,(r,0,1), (A-5)
and
9s,(r,0,1) - K 0s,(r,0,2) (A-6)
z1 az 72 az
At the impervious base of the lower zone,
9S,(r,=b,1) -o. (A-7)
0z

Along the axis of the pumped well, symmetry requires

05,(0,z,¢

_¥ =0  b<z<b~d, and b-L<z<0, (A8)

05,(0,2,f)

_Zr. =0 ~b,<z<0. (A-9)
-
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EXPLANATION
MODEL PARAMETERS
Discharge
Initial thickness of the upper zone
(distance from initial position of

water table to bottom of the upper
zone)

= Thickness of the lower zone

Distance from initial position of
water table to top of intake interval
of a well in which water is pumped
from the upper zone

Distance from top of lower zone to
top of intake interval of a well in which
water is pumped from the lower zone

Distance from the initial position of
water table to bottom of intake interval
of a well in which water is pumped
from the upper zone

Distance from top of lower zone
to bottom of intake interval of
a well in which water is pumped
from the lower zone

Distance from the pumped well to
the piezometer or observation well

Distance from top of lower zone to center
of open interval of the piezometer

Distance from top of lower zone to top
of open interval of the observation well

= Distance from top of lower zone to bottom

of open interval of the observation well

Positive values of z, z;, and z, indicate that the
piezometer or observation well is completed in
the upper zone, and negative values of z, z;, and
z, indicate that the piezometer or observation
well is completed in the lower zone

Parameters for two-zone model. A, Water pumped from upper zone. B, Water pumped from lower zone.
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Finally, along the intake interval of the pumped well,

lim _ Os o

L= =% ___ b-d<z<b-L. (A-10)
r—0 r F 2”(L1_d1)Kr1 S A

The solution of the above problem can be obtained through the method of Laplace and Hankel transforms.
After the Hankel inversion, the result is as follows. In the upper zone, above the intake interval of the pumped well
(by<z<b,—d,):

ymoo

- Y A A-11
5T y J(yndy, ( )
' 2K @Ld) Jy ol pF 0

where s, is the Laplace transform of s;, p is the Laplace transform parameter, J, (yr) is the zeroth-order Bessel
function of the first kind, and where

A, = [0K,sinh(,b){cosho(b—d)] — coshl®,(b-L)]} + ®,K,cosh(e,b,){sinh[e,(b,~d,)]

pS (A-12)
— sinh{e,(b,~d))1}] x {cosh[®,(b,~2)] + — 2 sinh{w,(b-2)]},
17721
F = oK cosh(w b, )sinh(w,b,) + oK, sinh(®w,b, )cosh(w,b,)
pS (A-13)
+ 2 [0,K sinh(®,b,)sinh(®,b,)+ ® K, cosh(®,b )cosh(w,b,)],
17zl
o, = [(y’K, + pS, )K" (A-14)
and
o, = [(V’K,, + pS, K, )" (A-15)

At the intake interval of the pumped well (b,—d,<z<b,—L)), the solution in the Laplace domain is

s_ - Q yjf” {1_ A2 y Jo(yr) dy (A'16)
1 72V A Y - )
2K, (L-d) F l o'p

where
S S
4, = U, | sinh(@d) + 2 cosh(cola'l)}+ U,{coshlw,(b-2)] + L0 sinh[w (b-2]},  (A1D
17721 1770 z1
U, = @,K sinh(®,z)sinh(w,b,) + ©,K_cosh(®,z)cosh(w,b,), (A-18)
and
U, = ®,K cosh[o,(b,~L,)]sinh(w,b,) + ® K, sinh[o,(b,—L,)lcosh(w,b,). (A-19)
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Below the intake interval in the upper zone (0<z<b,~L,), we have

oo

— 0) A, A-20
5, = y J(yndy, (A-20)
' MK (L-d) J, wipF
where
A, = {sinh(w L ) - sinh(0d,) + P [cosh(®,L,) - cosh(®d)]}
oK, (A-21)

x [@,K sinh(®wz)sinh(wb,) + o K cosh(wz)cosh(w,b,)].

For the lower zone, the result is

ymoo

— 0 A, A-22
S, = y J,(yr)dy, ( )
2 2nKzl(Ll_dl) y=0 0)% PF °

where ¥, is the Laplace transform of s, , and

pSsI

A, = {sinh(® L) - sinh(wd) + [cosh(®,L,) - cosh(®w,d,)]} x cosh[m,(b,+2)]. (A-23)

it

The Laplace inversion is accomplished numerically using the method of Stehfest (1970).

For the case in which the well is pumped from the lower zone, the solution can be obtained by a similar
procedure. The drawdown in the Laplace domain is given as follows. In the upper zone,

— o [ B A-24
sl = 5 y Jo(yr)dy’ ( = )
21cK12(L2—d2) 2 o5 pF
where
S
B, = {sinh[w,(b,~d,)] - sinh[w,(b,~L,)]}{cosh[w (b~2)] + P sinh[o, (b,~2)]1}. (A-25)
17721
Above the intake interval in the lower zone (—d,;<z<0), we have
~ B
3‘— Q 2 y Jo(yr)dy, (A-26)

> 2K (L-d) J o pF
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where

p Ssl :
[0,K ,sinh(w,b,)cosh(w,z)

B, = {®0,K cosh(w,b )cosh(w,z) — K sinh(® b, )sinh(w.z) +
) = {0,K cosh(w,b,)cosh(e,2) K sinh(®,b,)sinh(w,2) oK, (A-27)

- oK cosh(w b )sinh(w,2)]} x {sinh[w,(b,~d,)] - sinh[®,(b,~L,]}.

At the intake level of the pumped well (-d,<z<-L,), we have

= . 0 d L= By 1o dy (A-28)
2 R — emmt—— ?
2K (L4, 2, F |

w, p
where
S S
B, = |v, + 2oLy |cosh(wp) + |V, + 221 v, | sinh(wb), (A-29)
lel (olel
V, = 0K, {sinh(w,d,)cosh[w,(b,+2)] + cosh(®,)sinh[wy(b,~L,)1}, (A-30)
and
V, = ®K {cosh(w,d,)cosh[w,(b, +2)] — sinh(m,z)sinh(w,(b,~L,)]}. (A-31)

Finally, below the intake interval (—L,<z<—b,), we have

ymeo

5 Q__f Ay o (432

' MK, Ld) ) o pF

where
S
B, = {0,K [cosh(®,b,) + -2 sinh(wb, )][sinh(@,L,) ~ sinh(@,d,)]
‘°x’§zx (A-33)
P°n cosh(®, b))] x [cosh((o2L2) - cosh(u)zdz)]}cosh[mz(b2+z)].

177z

+ (ole1 [sinh(w, b,) +
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