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CONVERSION FACTORS, VERTICAL DATUM, WATER-QUALITY INFORMATION, AND
WELL- AND SPRING-NUMBERING SYSTEM

Conversion Factors

Muttiply By To obtain
foot (ft) 0.3048 meter
foot per foot (ft/ft) 1 meter per meter
foot per second (ft/s) 0.3048 meter per second
inch (in.) 254 millimeter
mile (mi) 1.609 kilometer
square mile (mi?) 2.590 square kilometer
cubic foot per second (ft*/s) 0.0283 cubic meter per second
cubic foot per year (ft/yr) 0.0283 cubic meter per year
gallon per day (gal/d) 0.00375 cubic meter per day
gallon per minute (gal/min) 227 liter per second

Temperature is given in degrees Celsius (°C), unless otherwise noted, which can be converted to degrees Fahrenheit
(°F) by the following equation:

°F=1.8(°C)+32.

Vertical Datum

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929—a geodetic datum
derived from a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level
Datum of 1929.

Water-Quality Information

Chemical concentration is given in milligrams per liter (mg/L) or micrograms per liter (ug/L). Milligrams per liter is
a unit expressing the solute per unit volume (liter) of water. One thousand micrograms per liter is equivalent to 1
milligram per liter. For dissolved-solids concentrations less than 7,000 mg/L, the numerical value in milligrams per liter
is about the same as for concentrations in parts per million (ppm), and the numerical value in micrograms per liter is
about the same as for concentrations in parts per billion (ppb). Specific conductance is given in microsiemens per
centimeter at 25°C (uS/cm). Microsiemens per centimeter is numerically equal to micromhos per centimeter. The
concentration of dissolved *radon is expressed in picoCuries per liter (pC/L); 1 pC is equivalent to 2.2 disintegrations
per minute. The concentration of dissolved tritium is expressed in tritium units (TU); 1 TU is 1 tritium atom per 10'®
hydrogen atoms or is equivalent to 7.1 disintegrations per minute per liter. Stable isotopes are reported relative to Vienna
Standard Mean Oceanic Water (V-SMOW) in permil notation.

The saturation index (SIEIAP/K,) is the ratio of the activity product of ions (IAP) in solution and the solubility
equilibrium constant (K,;) of a mineral. It is a measure of a mineral’s tendency to dissolve or precipitate. A positive
value indicates that the water is supersaturated with respect to the mineral considered and that the mineral would tend to
precipitate. A negative value indicates that the water is undersaturated with respect to the mineral considered and that
mineral, if present, would tend to dissolve.
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Well and Spring Numbering System

Wells and springs are identified and numbered according to their location in the rectangular system for the sub-
division of public lands. Identification consists of the township number, north or south of the Mount Diablo base line;
the range number, east or west of the Mount Diablo meridian; and the section number. Each section is divided into
sixteen 40-acre tracts lettered consecutively (except I and O), beginning with "A" in the northeast corner of the section
and progressing in a sinusoidal manner to "R" in the southeast corner. Within the 40-acre tract, wells are sequentially
numbered in the order they are inventoried. The letter "S" inserted before the sequence number indicates a spring. The
final letter refers to the base line and meridian. In California, there are three base lines and meridians: Humboldt (H),
Mount Diablo (M), and San Bernardino (S). All wells in the study area are referenced to the Mount Diablo base line and
meridian (M). Well numbers consist of 15 characters and follow the format 004S021E35R1. In this report, well numbers
are abbreviated and written 4S/21E-35R1. Wells in the same township and range are referred to only by their section
designation, 35R1. Wells in the same section are referred to only by their letter and number designation, R1. The
following diagram shows how the number for well 4S/21E-35R1 is derived.

RANGE
R.1W. R.1E. R.2E. R.21E. R.22E.
TIN
MOUNT! DIABLO ELINE.
a T1s
iy z
Z T2S o
g ......... 2 R21E
[=]
TS| 8 — T |6|5|4|3]|2]1
5
T4S =
= 7 8 9 |10 |11 | 12

18 |17 |16 [ 15 | 14 | 13

T4s
19 |20 [ 21 |22 |23 | 24

30 (29 |28
3132 |33
D|C|B|A
E|F|G|H
35
M|L|K|J
N|lP|Q
SECTION 35
48/21E-35R1

Conversion Factors, Vertical Datum, Water-quality Information, and Well- and Spring-Numbering System VIl



Ground-Water Resources and Water-Supply
Alternatives in the Wawona Area of
Yosemite National Park, California

By James W. Borchers

Abstract

Planning efforts to implement the 1980
General Management Plan, which recommends
relocating park administrative facilities and
employee housing from Yosemite Valley in
Yosemite National Park, California, have fo-,
cused on the availability of water at potential
relocation sites within the park. Ground-water
resources and water-supply alternatives in the
Wawona area, one of several potential relo-
cation sites, were evaluated between June 1991
and October 1993.

Ground water flowing from Biledo Spring
near the headwaters of Rainier Creek, about 5
miles southeast of Wawona, is probably the
most reliable source of good quality ground
water for Wawona. A dilute calcium bicar-
bonate ground water flows from the spring at
about 250 gallons per minute. No Giardia was
detected in a water sample collected from
Biledo Spring in July 1992. The concentration
of dissolved “’radon at Biledo Spring was
420 picoCuries per liter, exceeding the primary
drinking-water standard of 300 picoCuries per
liter proposed by the U.S. Environmental
Protection Agency. This concentration, how-
ever, was considerablg lower than the concen-
trations of dissolved **radon measured in
ground water at Wawona. The median value
for 15 wells sampled at Wawona was 4,500
picoCuries per liter.

Water-quality samples from 45 wells indi-
cate that ground water in the South Fork
Merced River valley at Wawona is segregated
vertically. Shallow wells produce a dilute
calcium sodium bicarbonate water that results
from chemical dissolution of minerals as water
flows through fractured granitic rock from
hillside recharge areas toward the valley floor.
Tritium concentrations indicate that ground
water in the shallow wells originated as
precipitation after the 1960’s when testing of
atmospheric nuclear devices stopped. Ground

water from the deep flowing wells in the valley
floor is older sodium calcium chloride water.
This older water probably originated either as
precipitation during a climatically cooler period
or as precipitation from altitudes between 1,400
and 3,700 feet higher than precipitation that
recharged the local shallow ground-water-flow
system. Chloride and associated cations in the
deep ground-water-flow system may result
from upward leakage of saline ground water or
from leaching of saline fluid inclusions in the
granitic rocks.

Water-level and pressure-gage measure-
ments for 38 wells in the South Fork Merced
River valley also indicate that the ground water
in the valley is segregated vertically. Hydraulic
head in deep fractures is as much as 160 feet
above the valley floor. Vertical hydraulic
gradients between the shallow and deep sys-
tems are as high as 4.5 feet per foot in one of
two test holes drilled for this study. Measure-
ments of in situ stress in the two test holes
indicate that the vertical segregation of ground
water may be related to pressures in the earth
that squeeze horizontal fractures closed at
depth. Fractures within a few hundred feet of
land surface are poorly connected to fractures
deeper beneath the valley.

About 100 privately owned wells currently
are in use at Wawona; but, the ground-water-
flow system may not be an adequate source of
good quality ground water for relocated park
facilities. Yields from existing wells are low
(median 4-5 gallons per minute) and traditional
methods for locating high-yielding wells in
fractured rocks have not been successful in this
area. Concentrations of dissolved ***radon
(median 4,500 picoCuries per liter) are high,
and the development of deep ground water
could cause deeper saline water to migrate
upward into producing wells.

The South Fork Merced River, the primary
source of water supply for Wawona, does not
meet current demands during late summer and
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autumn. Data collected between 1958 and
1968 indicate that 25 percent of the time
discharge of the South Fork River at Wawona
during the dry season (August through October)
was less than 2 cubic feet per second—the dis-
charge rate at which the National Park Service
is restricted from withdrawing water from the
river. The river, however, could be relied on.
for additional water supply if facilities were
constructed to divert and store water during
periods of high flow for use later in the year.

INTRODUCTION

A recommendation in the 1980 General
Management Plan for Yosemite National Park,
California, is to relocate park administrative
facilities and concessionaire and employee housing
from Yosemite Valley to other locations within the
park. Because of concerns about the availability of
adequate water supplies at proposed relocation sites,
only some relocation has occurred. One of the
proposed relocation sites is the Wawona area, near
the south entrance to Yosemite National Park.

The primary source of water in Wawona is the
South Fork Merced River; however, the river does
not adequately meet water-supply demands during
late summer and autumn. Because of limited water
supplies, most private residences in Wawona have
not been connected to the National Park Service
water system. Current diversions from the South
Fork Merced River to the park’s water system
reduce flow of the river and have the potential to
adversely affect downstream aquatic environments
during August, September, and October. Low
streamflow, exacerbated during the recent drought
(1987-92), has resulted in adoption of emergency
water-conservation measures on several occasions.

This study was done in cooperation with the
National Park Service to help determine the feas-
ibility of relocating park facilities from Yosemite
Valley to Wawona and of expanding the National
Park Service water system. Information from this
study will provide planners and managers of
Yosemite National Park with reliable information
about alternative sources of water for Wawona.

Purpose, Scope, and Approach

This report presents the results of a hydrologic
investigation of water resources in the Wawona area
of Yosemite National Park, California (fig. 1), from
June 1991 through October 1993. The results of
this study will provide planners and managers of
the National Park Service with information neces-
sary to determine the feasibility of relocating park

facilities to Wawona and to develop additional
water supplies for existing facilities at Wawona.

Originally, this study was designed as a
reconnaissance-level inventory of potential water-
supply sources. Collection of data from existing
wells in Wawona was excluded from the original
study design because it was thought that all wells in
Wawona had been destroyed (filled with grout) to
comply with county regulations that specify setback
distances between water-supply wells and the
National Park Service sewer system constructed in
1983. However, results of a field reconnaissance in
July 1991 indicated that many of the private wells
had not been destroyed and that new wells had been
drilled. As a result of the reconnaissance, the scope
of the study was expanded to include data collec-
tion from existing wells. During this study, 85 of
approximately 100 privately owned wells in
Wawona were located and inventoried. Data were
collected from some of the 85 wells.

The primary focus of the report is the ground-
water-flow system in the South Fork Merced River
valley at Wawona. The hydrologic character of
unconsolidated deposits in the valley was evaluated
by geologic reconnaissance, seismic refraction
studies, and water-level measurements in a few
shallow wells dug in thin alluvium and glacial till.
The hydrogeologic framework of the fractured-rock
aquifer supplying water to most wells at Wawona
was studied by mapping fracture traces on aerial
photographs and fractures at outcrops and by using
borehole geophysical methods to determine the
orientation of water-bearing fractures in wells.
Anisotropy of hydraulic properties of the aquifer
was studied by comparing the orientation of the
permeable fractures in two test holes drilled in the
valley floor at Wawona to the orientation of the
earth’s stress field measured in the test holes. Short-
term well yield was evaluated by single-well pump-
ing tests on 42 wells. The direction of ground-
water flow and seasonal water-level fluctuations
were determined by intermittent measurement of
water levels in 38 wells.

This report also describes hydrologic conditions
near Biledo Meadow at the headwaters of Rainier
Creek about 5 mi southeast of Wawona, just outside
of Yosemite National Park in the Sierra National
Forest (fig. 1). Biledo Spring currently supplies
water to facilities at the south entrance station of
Yosemite National Park. The station is about 2.5
mi southeast of Wawona. For this report, Biledo
Spring is considered to be in the Wawona area and
could represent an additional source of water for
Wawona.

Streamflow characteristics of the South Fork
Merced River at Wawona were examined to
evaluate the river as a source of additional water for
Wawona.

2 Ground-Water Resources and Water-Supply Alternatives in the Wawona Area of Yosemite National Park, California
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The chemical composition of ground water in
the Wawona area was evaluated by analyzing water
samples from 45 wells and 2 springs for major
elements, from 26 wells and 2 springs for trace ele-
ments (Johnson and others, 1991), from 36 wells
and 2 springs for stable isotopes of oxygen and
hydrogen and for tritium, and from 15 wells and
3 springs to determine dissolved *’radon concen-
trations. A sample was collected from Biledo
Spring to determine if Giardia, a parasitic organism
often found in surface water of the Sierra Nevada,
was present. The chemical composition of the
South Fork Merced River and Rainier Creek was
evaluated by collecting a water sample from each
stream for analysis of major and trace elements.

Interaction between ground and surface water
during the dry season was studied by stream gain-
and-loss studies on the South Fork Merced River.
Gain-and-loss studies also were done to determine
the influence of springs and other ground-water
discharge on the flow of Rainier Creek.

Description of Study Area
Physical Setting

Wawona is near the southern boundary of
Yosemite National Park, which is in the central
western Sierra Nevada about 150 mi east of San
Francisco (fig. 1). It lies in the South Fork Merced
River valley at an altitude of about 4,500 ft above
sea level; adjacent mountains reach altitudes of
more than 9,000 ft above sea level. Wawona is
about a 45-minute drive from the popular attractions
in Yosemite Valley. Wawona consists of 265
private residences, 107 residences owned by the
National Park Service, a hotel with 104 rooms, a
restaurant, a campground with 98 camp sites, a golf
course, 2 stores, and a children’s camp.

Biledo Meadow, just outside of Yosemite
National Park, is 5.5 mi southeast of Wawona on
the southwestern side of Mount Raymond at the
headwaters of Rainier Creek in the Sierra National
Forest (fig. 1). It is at an altitude of about 7,400 ft
above sea level and, because of the winter snow-
pack, is accessible only between June and
November.

Geologic and Hydrologic Setting

The South Fork Merced River valley at
Wawona is carved into plutonic rocks composed of
El Capitan Granite and Tonalite of the Gateway of
Cretaceous age (fig. 2). The El Capitan Granite, a
coarse-grained biotite granite and biotite gran-
odiorite about 102 million years old, underlies the

eastern part of the Wawona area, which includes
Wawona Dome (Huber and others, 1989). The
Tonalite of the Gateway, a medium-grained
biotite-hornblende tonalite that varies to granodi-
orite and quartz diorite about 114 million years old
underlies the western part of the Wawona area and
the Wawona meadow (Huber and others, 1989).
Since the granitic rocks formed, uplift and erosion
have combined to remove at least 2.3 mi (Bateman,
1992) and perhaps as much as 10 mi of overlying
material (Bateman and Wahrhaftig, 1966). Thermal
and tectonic stresses associated with uplift, erosion,
and other sources of stress have created joints,
fractures, and faults in the granitic rocks.

Deposits from three glacial epochs are found
upstream of Wawona. The low ridge that separates
the South Fork Merced River valley from the
Wawona meadow is capped with Pre-Tahoe Till
(Qpt), the oldest of these deposits (fig. 2). Alluvial
deposits underlie the Wawona meadow and crop out
in the channel of the South Fork Merced River.

The South Fork Merced River flows westward
over granitic bedrock to Wawona and then flows
northwest to an area underlain by early Paleozoic
metasedimentary rocks (fig. 2). Upstream from
Wawona, tributaries enter the steep-walled canyon
of the South Fork Merced River from the north and
south. The drainage area of the South Fork Merced
River, just upstream of Big Creek, is about 100 mi’.

The Biledo Meadow area near the headwaters
of Rainier Creek is underlain by the Tahoe Till.
The Tahoe Till covers Jurassic metasedimentary and
Cretaceous metavolcanic rocks and the Tonalite of
the Gateway. Bedrock in the area is intensely frac-
tured (William McCaffrey, U.S. Forest Service,
written commun., 1991). Offset geologic contacts
on each side of the Tahoe Till underlying Biledo
Meadow may indicate displacement on faults
hidden by the till (fig. 2).

Rainier Creek drains the southwest slope of
Mount Raymond and flows into Big Creek, which
joins the South Fork Merced River about 0.25 mi
downstream from Wawona (fig. 2). The headwater
locations of Rainier Creek and adjacent streams
probably are controlled by fractures or faults in the
underlying granitic and metamorphic rock (fig. 2).
Stream locations often are controlled by fractures in
the plutonic rocks of the Sierra Nevada (Huber,
1987). The drainage area of Rainier Creek
upstream of the southwestern limit of the Tahoe Till
is 1.4 mi%.

Climate
Precipitation in the Sierra Nevada is highly

variable in amount and timing. More than 80
percent of the precipitation in Yosemite National

4 Ground-Water Resources and Water-Supply Alternatives in the Wawona Area of Yosemite National Park, California






Park falls between November and March (Daniel
Cayan, Scripps Institute of Oceanography, written
commun., 1994). At Wawona, precipitation occurs
either as rain or snow, which melts quickly and
flows into streams. At higher altitudes of the South
Fork Merced River basin, precipitation usually
occurs as snow, which melts more slowly and sus-
tains the flow of the river during the spring and
early summer. About one-half of the snow pack in
the Sierra Nevada is at moderate altitudes where
temperatures are variable (Daniel Cayan, Scripps
Institute of Oceanography, written commun., 1994).
A cool spring can delay melting of the snow pack,
resulting in reduced peak streamflow during the
spring and increased streamflow during the summer.

Between 1958 and 1992, daily temperatures
averaged 10.1°C at the south entrance station of
Yosemite National Park (altitude 5,120 ft above sea
level) near Wawona. At Huntington Lake, Calif.
(fig. 1), the meteorological station closest to
Wawona above the 7,000-ft altitude (altitude 7,020
ft above sea level), daily temperatures averaged
8.1°C for the same period. Most of the drainage
area of the South Fork Merced River, which
includes the Biledo Meadow area, is at an altitude
that is similar to the altitude at Huntington Lake.
Therefore, average daily temperature in most of the
drainage area of the river is probably similar to the
average daily temperatures at Huntington Lake.

Average annual precipitation at the south
entrance station of Yosemite National Park was
40.8 in. for a 14-year period between 1958 and
1992 when precipitation records were complete.
Precipitation at Huntington Lake averaged 42.68 in.
for the same period. Huntington Lake is about 28
mi southeast of Wawona. Precipitation at
Huntington Lake may not adequately represent
precipitation in the South Fork Merced River basin
above Wawona because this area may not receive
precipitation from storms that have a more northerly
track. Between 1911 and 1960, mean annual
precipitation for most of the South Fork Merced
River basin above Wawona was between 50 and 60
in. (Rantz, 1969). Precipitation at Biledo Meadow
and at higher altitudes upstream of Wawona
probably exceeded precipitation at Huntington Lake
and at the south entrance station of Yosemite
National Park.

Water Use

Water withdrawn from the South Fork Merced
River by the National Park Service is treated and
distributed to park facilities and concessionaire and
park employee housing; the Wawona Hotel, store,
gas station, and campground; and several private
residences. The National Park Service water-

distribution system also supplies water for fire
protection for Wawona and occasionally supplies
water to fire fighters bivouacked in Wawona.

Most of the private homes, the rental cottages,
and the children’s camp (Camp Wawona) use water
withdrawn from wells drilled into the fractured
granitic rocks underlying Wawona. A few of the
private homes rely on seepage springs or shallow
wells, dug in the thin alluvium near the South Fork
Merced River or in the Pre-Tahoe Till.

The National Park Service sewer system col-
lects wastewater from most of the public and pri-
vate sources in Wawona. Tertiary-treated effluent
from the Wawona wastewater-treatment plant is
stored in large holding tanks and used for irrigating
the Wawona golf course. Occasionally, excess
effluent is discharged to the South Fork Merced
River. Septic systems are used by Camp Wawona
and by a few of the private residences on the low
ridge separating the South Fork Merced River
valley from the Wawona meadow.

Total water use in Wawona has not been esti-
mated. It varies seasonally and is dependent on the
number of park visitors and the number of park and
concessionaire employees in residence. Readily
available water-use data for 1989-91 are shown in
figure 3. During the summer, water needed for
irrigation exceeds the amount of effluent that is
stored during the winter or that is available from
the wastewater-treatment plant. Therefore, addi-
tional water is diverted from the South Fork Merced
River for direct irrigation of the golf course and the
lawn of the Wawona Hotel. Except for water
pumped from wells at Camp Chilnualna, a privately
owned cabin rental business (fig. 1), the volume of
water pumped from approximately 100 privately
owned wells in Wawona is unknown.

Fractured-Rock Aquifers

Fractured-rock aquifers are dual porosity
systems. Storage in the aquifer equals the sum of
water that can be stored in the fractures and water
that can be stored in the pore spaces or matrices of
the intact rock. Similarly, the ability of a fractured-
rock aquifer to transmit water (hydraulic conduct-
ivity) is a function of both fracture and matrix
hydraulic conductivity. Often, the volume of water
stored in fractures is low compared with the volume
of water stored in the rock matrix; usually, the
hydraulic conductivity of fractures is much greater
than that of the rock matrix. Thus, in many
fractured-rock aquifers, storage properties are deter-
mined by the rock matrix and transmissive prop-
erties are determined by the fractures.

For the purpose of water supply, the matrix of
unweathered granitic rocks, such as those in the
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study area, is essentially impermeable. The granitic
matrix does not store or transmit significant
amounts of ground water. Ground water primarily
is stored in and transmitted through fractures; thus,
the hydraulic properties of the granitic fractured-
rock aquifer are dependent on the characteristics of
the fractures, such as width of aperture, length,
height, orientation, and interconnection. Fracture
interconnection probably is the most important of
these characteristics in determining water-
transmitting properties (hydraulic conductivity,
transmissivity, and permeability). The degree of
fracture interconnection is highest where fractures
are open, long, high, numerous, and oriented in
many directions. If fractures are well connected,
water can move from recharge areas to discharge
points at streams, springs, and wells. If fractures
are poorly connected, water is restricted from
moving easily through an aquifer.

Ground-water flow in fractured rock can be
influenced by the earth’s stress field. Stresses deep-
er than a few feet into the earth are compressional
forces—pressures caused by the superposition of
tectonic and local stresses. Tectonic stresses gener-
ally are uniform over great distances and arise from
forces that drive or resist the motion of continental
and oceanic plates and from forces owing to large-
scale flexure of the lithosphere. Local stresses may
be superposed on a regional stress field by uneven
distribution of weight in areas of high topographic
relief, unloading from erosion or excavation, or
other causes. Because stress magnitude usually var-
ies directionally, hydraulic properties of fractures
may depend on their orientation in relation to the
stress field. If mechanical properties and dimen-
sions of fractures are similar, fractures perpendic-
ular to maximum stress are likely to be squeezed
closed, whereas fractures perpendicular to minimum
stress are more likely to be open and permeable.
Maximum, intermediate, and minimum principal
stresses usually are orthogonal with one principal
stress oriented vertically (0,) and the other principal
stresses (Oy,,, and Oy ) oriented horizontally.

Fractures and faults form in response to applied
stress. However, there may be no causative relation
between the current stress field and fracture orien-
tation (Seeburger and Zoback, 1982) because the
magnitude and orientation of regional and local
stresses may have changed since the fractures were
formed. Ground-water flow in fractured rock is
influenced by the relation between the current stress
field and the orientation of the fractures.

Optimal characteristics of a fractured-rock
aquifer for development of ground-water supplies
include the following:

1. Intensely fractured bedrock containing open,
long, high fractures oriented in many direc-

tions. This characteristic maximizes storage
properties and increases the chances of frac-
ture interconnection and consequent higher
transmissive properties.

2. A stress field oriented so that fractures are
permeable and interconnected. This charac-
teristic maximizes the hydraulic properties of
an aquifer.

3. Thick, saturated, alluvial deposits overlying
fractured bedrock. This characteristic in-
creases the storage properties of an aquifer
and provides some filtration of water re-
charging the aquifer.

4. Recharge capable of supporting the proposed
development of an aquifer without adverse
effects to flora and fauna dependent on
water in the overlying alluvial deposit.

Previous Studies

Ground-water flow in the fractured granitic
rocks of the Sierra Nevada is not well understood.
Information on ground-water resources in Wawona
is mostly anecdotal. However, well owners’ records
occasionally include information on well depths,
water levels, and dates of water-level measurements,
but the only documented data on ground-water
resources in this area are a few drillers’ logs on file
with the California Department of Water Resources
in Fresno, Calif. Historical data are not available
on the chemical quality of ground water from wells
and springs in the Wawona area.

A brief investigation by A.L. Franks
(consultant, written commun., 1983) on the
ground-water-flow system at Wawona indicated that
wells properly sited in the Tonalite of the Gateway
could produce between 50 and 200 gal/min. How-
ever, during a later study, A.L. Franks (consultant,
written commun., 1983) encountered clay-filled
fractures when three test wells were drilled in the
Tonalite of the Gateway. The well locations had
been selected using traditional well-location
techniques (seismic refraction surveys, fracture
mapping at outcrops, and geomorphic analysis).
The test wells were abandoned because of low
yields (12, 6, and 3 gal/min).

A short report by Bryan and Taylor (1922) on
water-supply alternatives for visitor facilities in
Mariposa Grove (fig. 1) describes springs and seeps
in the Mariposa Grove and Biledo Meadow area
and provides estimates of flow from these springs
and seeps. Biledo Spring was not mentioned in the
report; however, it was mentioned in a letter report
from the Superintendent of Yosemite National Park
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to the Director of the National Park Service. The
letter report describes construction of cisterns at
Biledo Spring and pipelines from the spring to
Mariposa Grove and the south entrance station of
Yosemite National Park (Thompson, 1931).
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METHODS OF DATA COLLECTION AND
ANALYSIS

Seismic Refraction Survey

Seismic refraction methods measure the time it
takes for a compressional sound wave created by a
near-surface source to travel down through layers of
earth and back up to detectors placed on land sur-
face. This method relies on the physical laws that
govern the transmission of sound in layered media.
Field data consist of measured distances between
detectors (geophones) and seismic travel times.
These data can be used to calculate variations in
seismic velocity and depths to individual geologic
layers. Seismic methods and analysis techniques, as
applied to hydrologic studies, are discussed in detail
by Haeni (1988) and were applied to the seismic
refraction survey in the Wawona meadow.

Small (300 or 500 grain) black-powder charges,
installed in small-diameter, hand-augered holes,
were used as seismic energy sources during seismic
refraction surveys in the Wawona meadow. A 24-
channel, signal-enhancement seismograph was used
to collect, digitize, and store the seismic signals.
Vertical geophones with a natural frequency of 14
hertz were spaced 50 ft apart in a straight line from
the seismic energy source. Each geophone was
firmly placed in the soft soil beneath the meadow
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grasses. The relative altitude of each geophone was
determined by spirit leveling so that travel times
could be corrected for sloping topography. Each
seismic line was reversed, that is, a charge was set
off at each end of a line of geophones so that true
seismic velocities could be obtained by correcting
apparent velocities for dipping geologic contacts.
Using this method, data from 550 ft of the seismic
refraction transect were recorded at a time. The
geophones then were advanced on the same bearing
with an overlap of at least two geophones on the
preceding line.

The arrival time of the first compressional seis-
mic wave was determined from the seismograph
recording. A computer program by Scott and others
(1972) was used to analyze the seismic data and to
determine the thickness and seismic velocity of
several layers specified in the input to the program.
The interpretation of the arrival-time data was
somewhat subjective because the seismologist
specified the number of layers of different seismic
velocity believed to underlie the transect (David
Berger, U.S. Geological Survey, written commun.,
1992). The program defined each interpreted model
layer beneath the geophones receiving refracted
energy from that layer. Layer boundaries then were
interpolated between geophone locations.

Well and Test Hole Construction

One well and two test holes were constructed
for the study. Well 5S/21E-2H1 (fig. 4) was hand
augered to 10 ft below land surface; filled with
cuttings to 6 ft below land surface; cased with a
capped, slotted, 4-in. diameter pvc pipe; back-filled
with sand; and grouted at the surface. This well
was used to measure the depth to the water table
beneath the Wawona meadow and to provide infor-
mation on the nature of the sediments in the shal-
low subsurface.

In August 1992, test holes 1 and 2 (TH1 and
TH2) were drilled to depths of 1,025 and 425 ft,
respectively, using an air-rotary drilling rig equip-
ped with a 6.75-in. percussion-hammer bit. A 7-in.
steel casing, equipped with a drive shoe, was driven
into the weathered granitic rocks (about 33 ft below
land surface in TH1 and about 27 ft below land
surface in TH2) and grouted in place. Borehole
geophysical logs, water samples, flow-test data, and
in situ stress measurement data were collected at
both test holes.

Two pneumatic packers were installed in TH2
at depths of 232 and 307 ft below land surface.
The packers were installed in January 1993 to stop
the flow of water from TH2 and to allow moni-
toring of hydraulic head and chemical quality of
ground water in three separate zones of the aquifer

(land surface to 231 ft below land surface, 232 to
306 ft below land surface, and 309 to 425 ft below
land surface). In spring of 1993, the packers failed,
probably because of overinflation, and were re-
moved. A 2-in., galvanized-steel access pipe then
was grouted in place at 230 ft below land surface,
and a well-head valve was installed on the pipe to
shut off flow from TH2.

Fracture Mapping

Geologic methods commonly used to describe
hydrogeologic characteristics of fractured rocks
include fracture-trace mapping, which was done
using stereoscopic analysis of aerial photographs,
and measurement of fracture orientation, spacing,
and aperture at outcrops. These methods were used
early in this study; however, data collected from
wells proved to be of more value than data col-
lected using these geologic methods because the
wells were in areas where fracture traces are not
visible.

The locations of fracture traces mapped from
aerial photographs by William McCaffrey (U.S.
Forest Service, written commun., 1991) were used
for qualitative comparison with the locations of
wells having large yields. Few fracture traces were
visible on aerial photographs of the South Fork
Merced River valley at Wawona because the gran-
itic rocks were hidden by vegetation, glacial till,
soil, and alluvium. Fractures mapped at outcrops
verified the location of some fracture traces mapped
from the aerial photographs.

Borehole Geophysical Surveys

Conventional geophysical and borehole optical
tools were used to characterize fractured granitic
rocks in test holes and private wells in Wawona
(appendix A). The borehole tools primarily were
used to locate fractures, measure fracture orientation
(strike and dip), and determine if fractures were
open or recemented (annealed), weathered or un-
weathered, and permeable or impermeable.

Caliper logs were used to locate fractures by
providing a continuous record of borehole diameter.
Borehole diameter usually increased where fractures
intersected the borehole and where granitic rocks
are weathered or decomposed. A decrease in the
resistance of rock to the flow of electric current on
electrical resistivity logs (point resistance and 16-
and 64-in. normal and lateral resistivity) indicated
the presence of fractures and associated weathered
or altered zones. Natural gamma logs indicate
variations in the amount of gamma-ray-emitting
radiogenic elements in the plutonic rocks. An

10 Ground-Water Resources and Water-Supply Alternatives in the Wawona Area of Yosemite National Park, California



119°38'30" 119°37'30"
i |

D2, wa‘

oVﬁ k %

i
D3 T {CS L 3 C10
L 49
Y E:D o %}W crz wi

o D8 /«/ Ci3
E12 eEQ 2} JH6
X7l e
57‘5115 Yo REi3 T
E10 3TE17 § %
WAWONA 5% "le Hg

E14
Camp E3 vf B4 E16
Chilnualna —=%, %ep

Camp

36M1 \
Wawona

H1‘ 88

37°32'30"

EXPLANATION

A___A'LINE OF SEISMIC SECTION
*58’21 E2H1 102,  WELL AND NUMBER-See table 1
| TESTHOLE
\y. \ WATER-LEVEL OBSERVATION
WELL
37°31'30" [—
|  UNUSED WELL

| vV  WATER-QUALITY SITE

Base map information provided by

the National Park Service, 1992 1,000 2,000 3,000 FEET
1 ] ]

0
: 1 | T
0O 200 400 600 800 METERS

Figure 4. Location of wells, test holes, and stream water-quality site in the Wawona area, Yosemite National Park,
California.

Methods of Data Collection and Analysis 11



acoustic log of TH2 indicates fractures by a de-
crease in the amplitude of the first sound wave
arriving at a detector after reflecting from the bore-
hole wall and by a decrease in velocity and ampli-
tude of a tube wave, a sound wave that travels up
the borehole.

Acoustic televiewer (ATV) logs provide an
image of the sound-reflective properties (acoustic
reflectivity) of a borehole wall. The ATV images
are centered to the south, allowing the orientation
(strike and dip) of fractures in TH1 and TH2 to be
measured from the images (fig. 5).

Borehole television scans were used to provide
qualitative information (color, shape, relative size,
etc.) about fractures that had previously been iden-
tified using other methods. Some features of the
granitic rocks (mafic inclusions, dikes, mineral
veins, annealed fractures, etc.), which were not dis-
cernable using conventional borehole geophysical
methods, were identified using television scans of
THI1 and TH2.

Digital optical-televiewer logs of the upper 300
ft of each test hole contained almost the same qual-
itative information as borehole television scans and
more quantitative information than the ATV logs.
The digital optical-televiewer logs provided a color,
optical image of the borehole wall oriented north.
The optical images are similar to the ATV images
(fig. 5) because they represent a flat map of the
borehole wall; however, the image of the digital
optical-televiewer logs is centered to the north
rather than to the south. Data used to produce the
digital optical images were collected by a borehole
television camera and transmitted as a video signal
uphole to an electronics module that digitized the
signal at a resolution of about 0.05 in. in both the
vertical and radial dimension. When images were
displayed on a 24-bit color computer monitor, auto-
mated processing software allowed the orientation
and aperture of fractures, faults, and dikes to be
measured.

Heat-pulse and impeller flowmeters were used
to indicate which fractures supplied water to the
boreholes and to determine the direction of flow in
the boreholes under pumped and unpumped condi-
tions. Fluid-resistivity and fluid-temperature logs
were sometimes helpful in discerning fractures that
contributed ground water with a different
temperature or containing a different concentration
of dissolved solids than ground water from other
fractures. Fracture permeability was not measured.
It is possible that some of the fractures that were
designated as impermeable during flowmeter log-
ging would be permeable if effective stress normal
to the fracture were decreased by higher hydraulic
head within the fracture, by relaxation of earth-
tide-induced compression normal to the fracture, or
by other means.

Fracture-orientation data collected from vertical
boreholes underrepresents vertical fractures. This is
not significant to the results of this study because
the hydraulic characteristics of the aquifer were not
estimated using models that rely on fracture orien-
tation and frequency. Instead, the relation between
fracture orientation and in situ stress was used to
conceptualize the ground-water-flow system.

In Situ Stress Measurement

In situ stress (pressure within the earth) was
measured at several depths in TH1 and TH2 using
the hydraulic-fracturing method. This method relies
on theoretical relations between (1) the orientation
of a hydraulic fracture created during a measure-
ment of in situ stress and principal stress directions
and (2) fluid pressure during hydraulic fracturing
and the magnitude of principal in situ stresses.

To make an in situ stress measurement, a 7-ft
section of borehole having no fractures, mineral
veins, or other flaws was isolated with inflatable
rubber packers and pressurized by pumping water
into the isolated interval at a slow rate. The rate of
flow and pressure in the isolated interval was
monitored during each stress measurement. Pres-
sure in the isolated interval increased until a break-
down pressure was reached and the rock at the
borehole wall cracked tensilely. Continued pump-
ing caused the fracture to propagate outward from
the borehole. When pumping ceased, the fracture
stopped propagating, and, when pressure in the
interval declined, the fracture closed. Several
cycles of pumping were done at each interval so
that fracture reopening pressure could be deter-
mined. Fracture reopening pressure is the pressure
at which the hydraulic fracture opened and began to
accept water pumped into the interval during subse-
quent pumping cycles. Fracture reopening pressure
is proportional to minimum horizontal stress (Gy_, ).

The orientation of a hydraulic fracture was
determined by inflating an impression packer to a
pressure slightly above the fracture reopening pres-
sure. The impression packer remained inflated for
about 1 hour, allowing its uncured rubber coating to
extrude slightly into the hydraulic fracture. A
photograph of a compass securely mounted inside
the impression packer defined the orientation of the
packer assembly in relation to magnetic north. The
impression packer then was deflated allowing the
hydraulic fracture to close, pinching off a small
amount of the extruded rubber and leaving a raised
ridge on the surface of the packer. When the
impression packer was removed from the test holes,
the strike and dip of the hydraulic fracture was
determined by the orientation of the raised ridge on
the packer surface and the orientation of the packer
assembly during inflation.
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pore pressure was assumed equal to hydrostatic
head. Only the relative magnitudes of the three
principal stresses are considered in this report. For
a more detailed description of techniques for esti-
mating stress magnitude, the reader is referred to
Haimson (1978) and Hickman and Zoback (1983).

Water Sampling and Analysis

Standard field methods were used to collect and
preserve samples for laboratory analysis (U.S.
Geological Survey, 1980). Most ground-water
samples for chemical analysis were collected using
existing well pumps and plumbing. Flowing wells
were sampled without pumping. Springs were
sampled using peristaltic pumps at the point where
ground water flowed into the spring pool. Grab
samples were collected from two streams.

Prior to sampling for major inorganic and trace-
element constituents in late August 1991, a mini-
mum of three wellbore volumes of water were
pumped or allowed to flow from the wells to ensure
the representativeness of the ground-water samples.
Water levels, pumping time, pump discharge, tem-
perature, pH, specific conductance, and dissolved-
oxygen concentrations were recorded for water
discharged during the wellbore purge. After sample
collection, water-level recovery was monitored and
depth to the shallowest water-bearing fracture was
estimated by measuring the water level at which
water no longer cascaded noisily into the wellbore.

In September 1991, wells at Wawona were
sampled for stable isotopes and tritium using the
same wellbore-purging procedure used during sam-
pling for major inorganic and trace-element consti-
tuents, except that contact with the atmosphere was
minimized by maintaining the water level above the
shallowest water-bearing fracture. In low-yielding
wells, many cycles of pumping and recovery were
required to obtain an adequate purge while prevent-
ing ground water from cascading into the well bore.

Major inorganic and trace-element samples
were analyzed by the U.S. Geological Survey
National Water Quality Laboratory in Arvada,
Colo., using standard methods of analysis (Fishman
and Friedman, 1989). Stable-isotope and tritium
samples were analyzed at the Isotope Fractionation
Laboratory of the U.S. Geological Survey in
Reston, VA. Ground-water samples were analyzed
at the National Water Quality Laboratory using
liguid scintillation techniques to determine dissolved
Zradon. All analyses were checked to verify that
milliequivalent concentrations of positively and
negatively charged ions balanced to within 3
percent. WATEQAF, a Fortran computer program
that calculates the saturation of a water sample with
respect to common, naturally occurring minerals,

was used to indicate geochemical reactions that may
occur in the ground-water-flow systems in the
Wawona area.

Biledo Spring was sampled for Giardia using a
procedure described by Sorenson and others (1986).
One hundred gallons of water was pumped through
a 2-micron, fiberglass epoxy filter. The filter then
was double sealed in sterile plastic bags for trans-
port to the U.S. Geological Survey Giardia Labor-
atory in Sacramento, Calif. The immunofluor-
escence method (Riggs and others, 1983) was used
to analyze for Giardia cysts.

Quartz crystals—hand picked from well cut-
tings at TH1 and TH2—were used to determine the
ratio of dissolved bromide to dissolved chloride
(Br/C1) in fluid inclusions in the granitic rocks at
Wawona. After the quartz crystals were rinsed with
deionized water and dried, they were crushed and
rinsed again with deionized water to leach inclusion
fluids. The leachate was analyzed by ion chroma-
tography to determine the concentrations of dis-
solved bromide and chloride from which the Br/C1
ratio then was computed. This work was done by
the Rock-Water Interaction Group at the University
of Bern, Switzerland.

Stream Gain-and-Loss Studies

Stream gain-and-loss studies are designed to
determine the magnitude of streamflow gained from
ground water discharging to a stream or the magni-
tude of streamflow lost to the ground-water system
when stream water infiltrates the riverbed. Gain-
and-loss studies are a quick method of quantifying
the interaction between surface and ground water at
a given moment in time. This interaction can be
quantified for each stream reach by subtracting
tributary inflow and by comparing upstream to
downstream discharge.

During each gain-and-loss study on the South
Fork Merced River and Rainier Creek and at the
mouths of tributaries, a series of stream-discharge
measurements were made following standard field
procedures for velocity-area, Parshall flume, or
volumetric methods (Buchanan and Somers, 1969).
One day prior to each gain-and-loss study, each site
to be measured using the velocity-area method was
improved by removing obstructions to flow, level-
ing the stream bottom, and preparing paraliel
streambanks. Care was taken to ensure that flow
was distributed evenly in each measured section.
The intake to the Wawona water-treatment plant
was shut off 1 day prior to each gain-and-loss study
on the South Fork Merced River and remained off
until measurements were completed so that only
natural streamflow variations were measured. Each
gain-and-loss study was completed within 1 day.
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Errors associated with stream-discharge meas-
urements are additive when discharge measurements
are subtracted to determine flow gain or loss in a
reach. If stream discharge is high and flow gain or
loss is low, measurement error can exceed the com-
puted gain or loss. In that case, gains and loses
might be inferred but can not be quantified accu-
rately. Because the sum of possible measurement
errors usually was greater than the computed gain
or loss for each reach, gain-and-loss studies were
repeated several times for each stream during the
summers of 1991 and 1992 to determine if the
reach appeared to consistently gain or lose flow.

GROUND WATER IN THE SOUTH FORK
MERCED RIVER VALLEY AT WAWONA

Unconsolidated Deposits

Unconsolidated deposits were mapped in three
areas of Wawona (Huber and others, 1989): the
Pre-Tahoe Till on a low ridge that separates the
South Fork Merced River valley from the Wawona
meadow; alluvium in the valley of the South Fork
Merced River; and alluvium in the Wawona mead-
ow (fig. 2). Although unconsolidated deposits
occur over much of the Wawona area (fig. 2), these
deposits are relatively unimportant to the ground-
water-flow system because they are thin, poorly
permeable, or mostly unsaturated.

The Pre-Tahoe Till has little potential for devel-
opment of water supplies for Wawona because the
till is thin and probably poorly permeable and
because natural discharge from the till is large and
probably necessary to sustain the forest. The Pre-
Tahoe Till is more than 15 ft thick where it crops
out at road cuts; a driller’s log indicates that the till
is about 20 ft thick near well 4S/21E-35R1 (R1,
fig. 4). Excavations for water lines and outcrops at
road cuts showed that the Pre-Tahoe Till consists of
massive boulders, cobbles, sand, and clay. Because
tills are poorly sorted, that is, a heterogeneous mix
of coarse, medium, and fine-grained materials, they
usually have low hydraulic conductivity. Lateral
movement of water through the Pre-Tahoe Till in
wide, flat areas of the ridge apparently is slow
enough that a thin aquifer has formed above the
contact with the underlying granitic bedrock. The
ridge top location of the till allows water to drain
from it laterally near the contact with the under-
lying granitic rocks. Several dry, unused, hand-dug
wells were located during field reconnaissance for
this study. Well 4S/21E-35R3 (R3, fig. 4), dug 17
ft deep into the till, was abandoned because water
production was insufficient during the dry season
(Daniel Guthrie, Camp Wawona, oral commun.,
1992). Water-level measurements for this well

show that the saturated thickness of the till varies
seasonally by as much as 50 percent (appendix B)
indicating that natural discharge from the till could
be about half of its ground-water-storage capacity.
Ground water in the till probably sustains the ridge-
top forest and supplies some recharge to underlying
fractured rocks, but the till has not been a reliable
source of water supply to wells.

Alluvium in the South Fork Merced River
valley includes recently deposited channel and
floodplain materials and older terrace deposits.
Channel and floodplain materials are coarse-grained
sand, cobbles, and boulders contained in relatively
thin and discontinuous deposits. Occasionally, bed-
rock crops out in the river, streambanks, and at the
border of the floodplain. Because bedrock does not
crop out in the river and rarely is exposed in the
river banks for about 1 mi upstream of the mouth
of Chilnualna Creek, channel and floodplain mater-
ials could be thicker in the upstream reach. Recent-
ly deposited channel and floodplain materials are
hydraulically well connected to the river. Pumping
of wells in the channel and floodplain materials of
either reach could reduce streamflow in the river.

Other terrace deposits adjacent to the South
Fork Merced River consist of boulders, cobbles,
sand, and clay and are thicker than river channel
and floodplain materials. Excavations done during
construction of buildings, test wells, and water lines
indicate that these deposits are unsaturated on the
north side of the river and probably are unsaturated
throughout the South Fork Merced River valley.

The thickness of alluvium in the Wawona
meadow is unknown. Bedrock is not visible in the
meadow and no wells have been drilled to bedrock
in this area. A seismic refraction survey done along
the center of the Wawona meadow in July 1991
confirmed the depth of the shallow water table
when holes, bored for placement of seismic energy
sources, encountered the water table. The survey
also indicated that competent, unweathered granitic
bedrock is as deep as 125 ft below land surface
(fig. 6). Interpretation of the seismic refraction data
was hampered by a lack of subsurface geologic data
needed to calibrate geophysical models of the mead-
ow subsurface (David Berger, U.S. Geological
Survey, written commun., 1992).

The seismic velocity of materials between the
water table and the top of competent, unweathered
granitic bedrock is 4,900 to 8,900 ft/s (fig. 6); this
velocity could represent either bouldery and cobbly
alluvium or weathered granitic rock. However,
neither bedrock nor bouldery, cobbly alluvium were
encountered during construction of water-level
observation well 5S/21E-2H1-a 10-ft deep borehole
that was hand augered near the center of the
Wawona meadow in July 1992. The borehole
passed through a thin unsaturated zone and a
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Fractured Granitic Rocks
Hydrogeologic Framework

The primary aquifer at Wawona is the fractured
granitic rocks in the South Fork Merced River
valley. The relation between the orientation of
permeable fractures and the earth’s stress field,
measured in the test holes drilled for this study,
indicates that most permeable fractures are not
perpendicular to maximum compressive stress and
that fracture interconnection decreases with depth,
segregating a local, shallow ground-water-flow
system from ground water in deeper fractures.

In situ stress measurements were made at seven
depths between 200 and 900 ft below land surface
in TH1, a 6.75-in., open-rock hole drilled to 1,027
ft below land surface in the Tonalite of the
Gateway. In situ stress measurements were made at
four depths between 175 and 400 ft below land
surface in TH2, a 6.75-in., open-rock hole drilled to
425 ft below land surface in the El Capitan Granite.
These measurements were used to determine the
orientation of maximum, intermediate, and mini-
mum components of the earth’s stress field beneath
the valley floor at Wawona. The principal compo-
nents were assumed to be orthogonal with one
component oriented vertically (6y) and two compo-
nents oriented horizontally (0y . and Gy ).

Maximum horizontal stress 1s oriented N. 50°
W. plus or minus 10° at TH1 and TH2 regardless of
the depth of the measurement. The orientation of
minimum horizontal stress is assumed perpendicular
to maximum horizontal stress at about N. 40° E. In
TH1, vertical stress is less than minimum horizontal
stress at depths of less than about 600 ft below land
surface; but at depths deeper than about 600 ft,
vertical stress exceeds minimum horizontal stress.
A similar rotation of least compressive stress from
vertical to horizontal probably occurs at about 600
ft below land surface at TH2, but this could not be
verified because TH2 is only 425 ft deep.

The orientation and relative magnitude of the
three principal stresses in the subsurface of the
South Fork Merced River valley at Wawona is
conceptualized in figure 7. At depths between land
surface and about 600 ft below land surface (zone
1), least compressive stress is vertical. In zone 1,
subhorizontal fractures are perpendicular to least
compressive stress and theoretically are more likely
to be open and permeable than fractures oriented in
other directions. Geophysical logs of TH1 and TH2
(appendix A) show that the shallowest permeable
fractures in zone 1 are subhorizontal (dip angle less
than 30°). Subhorizontal fractures in the shallower
parts of zone 1 may be sheeting joints—fractures
that form from erosional stress-release processes, or
as Jahns (1943) phrased, from "diminution of pri-

mary confining pressure by removal of super-
incumbent load." In the deeper parts of zone 1,
sheeting joints probably do not form, and therefore
the frequency of permeable subhorizontal fractures
is greatest at shallow depths.

At depths of about 600 ft to depths probably on
the order of miles (zones 2 and 3), vertical stress is
the intermediate compressive stress. At these
depths, compression from the weight of overburden
exceeds minimum horizontal stress. In zones 2 and
3, as in the deeper parts of zone 1, sheeting joints
probably do not form and other horizontal fractures
probably are squeezed closed and thus are not per-
meable. Geophysical logs for TH1 and TH2 show
that deep permeable fractures are not subhorizontal
but dip steeply (dip angle usually greater than 60°)
(appendix A).

Horizontal stresses (O, Oy ) in the deep,
regional stress field (zone %g. 75 have nearly the
opposite direction of the horizontal stresses at
shallower depths (zones 1 and 2). Stress directions
in zone 3 are inferred from Zoback and Zoback
(1989) and are assumed to have a tectonic source.
Information is not available on fracture orientation
and permeability in zone 3 because the test holes
and wells at Wawona terminate in zones 1 or 2.
The valley-parallel orientation of Gy in the two
shallower zones (1 and 2) indicates that shallow
horizontal stress may be topographically induced
and may vary with the valley orientation (Hickman
and others, 1993).

On the basis of data from TH1 for depths from
land surface to 900 ft below land surface, and
pethaps much deeper, orientation of maximum and
minimum horizontal stresses are constant, about N.
50° W. and about N. 40° E., respectively (fig. 7).
Steeply dipping fractures that strike to the northwest
are favorably oriented to be permeable because they
are perpendicular to minimum horizontal stress.
Fractures in TH1, TH2, and wells R1 and 36M1
strike primarily to the northwest (fig. 8). The strike
and dip of permeable fractures in TH1 and TH2 are
shown in appendix A. The northwest trend of
permeable fractures (fig. 9) could simply reflect the
fact that most fractures, permeable and imperme-
able, generally strike to the northwest. However,
northwest-striking fractures are more likely to be
permeable because they are favorably aligned with
the stress field, as in TH1 and TH2. Fractures
striking in other directions are less likely to be
permeable.

A simple conceptual model of the fractured-
rock aquifer in the valley floor at Wawona is
illustrated in figure 10. Permeable, northwest-
trending, steeply dipping fractures occur at all
depths in the model. At shallow depths (within a
few hundred feet of land surface) where vertical
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Figure 7. Orientation and relative magnitude of vertical and horizontal stresses in rocks beneath the South Fork
Merced River valley at Wawona, Yosemite National Park, California. (Orientation and relative magnitude of stress
in zone 3 is inferred from Zoback and Zoback, 1989).

stress is at a minimum, these steeply dipping hydraulically isolated. If permeable, northwest-
fractures are hydraulically connected by subhori- trending, steeply dipping fractures have a finite
zontal fractures. Deeper in the aquifer where vertical dimension (limited height), the absence of
vertical stress is greater, permeable subhorizontal horizontal connecting fractures at depth could act to
fractures are absent or less frequent, and permeable, restrict the interchange of ground water between the
northwest-trending, steeply dipping fractures are shallow and the deeper parts of the aquifer.
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Figure 8. Strike direction for 227 fractures as
determined by acoustic televiewer logs of test holes 1
and 2 and wells R1 and 36M1 in the Wawona area,
Yosemite National Park, California. Dip direction is
determined by the hemisphere in which the strike
orientation is plotted, east or west. The circle radius
equals 10 percent of the total number of fractures
(227). Strike directions are grouped in 10 degree

Figure 9. Strike direction for 25 permeable fractures
as determined by acoustic televiewer logs of test holes
1 and 2 and wells R1 and 36M1 in the Wawona area,
Yosemite National Park, California. Dip direction is
determined by the hemisphere in which the strike
orientation is plotted, east or west. The circle radius
equals 25 percent of the total number of fractures
(25). Strike directions are grouped in 10 degree
increments.

increments.

A

.

| __ FRACTURES ARE RELATIVELY
WELL- CONNECTED HYDRAULICALLY
(shallower parts of zone 1)

FRACTURES ARE PRIMARILY
™ HYDRAULICALLY ISOLATED
(deeper parts of zones 1 and 2)

Figure 10. Conceptual model of the fractured-rock aquifer beneath the valley floor at
Wawona, Yosemite National Park, California, showing permeable fractures (primarily shallow
horizontal fractures and northwest-trending, steeply dipping fractures).
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The pathway for recharge to deep, hydraulically
isolated fractures beneath the valley floor is not
obvious. The orientation and magnitude of stresses
around valleys in areas of high topographic relief
vary greatly with location and depth (Goodman,
1980). The stress field in rocks distant from the
test wells may be considerably different than the
stress field in the valley floor. Recharge to deep
fractures in the valley floor could occur through
large vertical joints or other fractures that are visi-
ble on aerial photographs of upland areas. Deep,
permeable subhorizontal fractures were encountered
in well R1 (appendix A), which is located on the
ridge top between the South Fork Merced River
valley and the Wawona meadow. Stress measure-
ments were not made in this well and conditions
that make these fractures permeable are not obvi-
ous. Similar fractures might connect steeply dip-
ping upland fractures and allow infiltrating snow-
melt from the upland areas to flow toward the
valley. The boundaries of the flow system contain-
ing ground water in deep fractures have not been
defined. Flow paths between the recharge areas and
the fractures intersected by the test wells at
Wawona are not well understood.

The conceptual model of the fractured-rock
aquifer at Wawona is based on in situ stress and
borehole geophysical data from a small number of
wells and test holes in the South Fork Merced River
valley. The model may not adequately consider the
relation between fracture orientation and faulting
environment (thrust, normal, or strike slip) in each
zone. However, the model does provide a physi-
cally plausible explanation for the large differences
in hydraulic head and water chemistry between
shallow and deep ground water in the South Fork
Merced River valley.

Ground-Water Flow

Ground water flows from areas of high hydrau-
lic head to areas of low hydraulic head. Hydraulic
head is the elevation of water in wells above an
arbitrary datum, such as sea level. At Wawona,
hydraulic head was estimated using water-level and
pressure-gage measurements in 38 privately owned
wells and is expressed as altitude above sea level.
The water-level altitudes of 35 shallow wells (less
than about 300 ft in depth) or in wells that produce
ground water from only shallow fractures approx-
imately defines the water-table altitude at Wawona
(table 1, figs. 11 and 12). Hydraulic head and
direction of ground-water flow in shallow, fractured
granitic rocks from areas of recharge to areas of
discharge are shown in figures 11 and 12.

Ground water in shallow, fractured rock flows
toward the valley floor from hillsides adjacent to

the valley (generally perpendicular to the contours
of hydraulic head shown in figures 11 and 12).
Figures 11 and 12 indicate that the direction of
ground-water flow generally is the same during dry
and wet seasons. Recharge to the shallow ground-
water system occurs on the hillsides, and discharge
occurs at hillside seeps and small tributaries where
the water table seasonally intersects land surface.
Evapotranspiration (where the water table is shal-
low), pumping of wells, and possibly discharge into
alluvial deposits in the valley floor also contribute
to discharge from the shallow flow system.

Water levels of selected wells are shown in
appendix B. Water-level data used to construct the
hydrographs were collected intermittently between
June 1991 and October 1993. Because 1992 was
the final year of a 6-year drought and because
precipitation during the winter of 1993 was un-
usually high, the rise in water level listed in table 1
may represent the maximum natural fluctuation in
the water table in recent history.

Hydraulic head in deep fractures beneath the
valley floor is considerably higher than hydraulic
head in the local shallow flow system. High
hydraulic head causes deep wells in the valley floor
(figs. 11 and 12) to flow at rates as high as 100
gal/min (rates reported by drillers). Pressure-gage
measurements for two deep flowing wells, G1 and
G2 (figs. 11 and 12), show that hydraulic head
varies seasonally between 4,220 and 4,240 ft above
sea level (recorded by well owners). (See well-
numbering diagram for description on format used
for well numbers in text.) Hydraulic head in these
wells are equivalent to water levels 140 and 160 ft
above land surface, respectively. Hydraulic head in
wells that produce ground water from shallow
fractures is below land surface.

Often, valleys are areas of ground-water dis-
charge where hydraulic head increases with depth
below the valley floor. In areas of high topographic
relief, such as Wawona, head gradients beneath a
valley can be strongly upward. The vertical gradi-
ent of hydraulic head, or head gradient, is the dif-
ference in hydraulic head divided by the distance
between the points where hydraulic head is meas-
ured in a well. Vertical head gradients in the valley
floor at Wawona are larger than expected for
ground water flowing through uniformly fractured
rocks in an area of high relief.

An extremely high head gradient was measured
at TH2 in September 1992 just prior to in situ stress
measurements. Hydraulic head differed by about
145 ft in naturally occurring fractures at depths 223
and 255 ft below land surface. The vertical-head
gradient between the fractures is upward at about
4.5 ft/ft. The high head gradient indicates that there
is a barrier to ground-water flow between the deep
and shallow fractures at TH2. High hydraulic head
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Table 1. Water-level altitudes and changes in water levels for shallow wells and wells producing water from
shallow fractures in Wawona, Yosemite National Park, California, autumn 1992 and winter/spring 1993

[Water-level altitudes correspond to contours of hydraulic head in figures 11 and 12. State well No.: See well- and
spring-numbering system on page VII. Depth of well in feet below land surface. Altitude of land surface in feet above
sea level. Depth of well, altitude of land surface, and water-level altitude are rounded to nearest foot. ft; foot]

Depth Altitude Water-level altitude Rise
State of of land (ft) in water
well No. well surface Autumn Winter/sprin level
() (v 1992 1993 (ft)
4S/21E- 35B1 90 4,218 4,178 4,195 17
35B2 138 4,151 4,128 4,142 14
35C1 95 4,210 4,153 4,170 17
35C3 13 4,173 4,129 4,144 15
35C8 250 4,265 4,245 4,253 8
35C10 51 4,156 4,139 4,151 12
35C11 77 4,127 4,101 4,110 9
35C12 106 4,148 4,112 4,124 12
35D1 54 4,155 4,121 4,129 8
35D5 34 4,134 4,131 4,133 2
35D6 400 4,130 4,125 4,129 4
35E1 250 4,047 4,040 4,045 5
35E2 90 4,044 4,032 4,039 7
35E12 200 4,160 4,117 4,127 10
35E13 92 4,091 4,069 4,077 8
35E16 133 4,042 4,032 4,038 6
35F1 71 4,085 4,069 4,074 5
35F2 60 4,046 4,036 4,042 6
35F6 45 4,108 4,085 4,094 9
35G6 90 4,139 4,120 4,134 14
35G7 74 4,131 4,114 4,126 12
35H5 98 4,210 4,130 4,153 23
35H9 62 4,123 4,099 4,103 4
35L3 127 4,143 4,082 4,092 10
35M1 155 4,092 4,031 4,051 20
35M5 17 4,012 3,999 4,004 5
35M6 8 4,025 4,017 4,023 6
35M8 100 4,034 4,011 4,026 15
35M9 20 4,036 4,017 4,028 11
35P1 68 4,210 4,170 4,183 13
35p2 72 4,256 4,200 4,214 14
35P3 160 4,129 4,092 4,106 14
35Q1 209 4,375 4,302 4,315 13
35Q2 55 4,135 4,251 4,253 2
5S/21E- 2H1 6 4,135 4,133 4,135 2
in fractures deeper than 400 ft below land surface in tures are permeable and hydraulically connect the
wells G1, G2, G3, 36M1, and TH1 (fig. 11 and 12) permeable, steeply dipping fractures. At deeper
indicates that vertical permeability may be similarly depths, where hydraulic head is high, subhorizontal
restricted throughout the valley. fractures are rare, annealed, or squeezed closed by
A barrier to vertical flow would exist if deep, the weight of overlying rock. If permeable,
permeable fractures are hydraulically isolated (not northwest-trending subvertical fractures have limited
interconnected). Permeable, steeply dipping frac- height, then the absence of horizontal fractures at
tures in the valley floor generally are oriented to the depth would isolate them hydraulically. Because
northwest. At shallow depths, subhorizontal frac- unweathered granitic rocks are relatively imperm-
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Figure 11. Hydraulic head in shallow wells and generalized direction of ground-water flow in the Wawona
area, Yosemite National Park, California, autumn 1992.

eable unless fractured, high head gradients between shallow, relatively well-connected fractures beneath
shallow and deep fractures could exist. The the sides and floor of the South Fork Merced River
isolation of deep, permeable fractures is consistent valley. Ground water in this local flow system
with the relation between in situ stress and fracture probably does not circulate deeper than about 250 ft
orientation used to conceptualize the ground-water- below the valley floor. Below this shallow flow
flow system at Wawona. system is deep, pressurized ground water that may
Hydraulic-head data indicate that a local be part of a slow-moving, regional ground-water-
ground-water-flow system has developed in the flow system or a body of less mobile ground water
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Figure 12. Hydraulic head in shallow wells and generalized direction of ground-water flow in the Wawona
area, Yosemite National Park, California, winter/spring 1993,

trapped in hydraulically isolated fractures. In the local ground-water-flow system. Flow measure-

absence of wells that can provide a pathway for ments made at well B2 indicate that ground water

ground water to bypass the natural flow system, enters this well at a rate of 0.2 gal/min from a shal-

very little flow is likely to occur between the low fracture 40 ft below land surface and then exits

shallow and deep flow systems. the well at a fracture 90 ft below land surface
Shallow wells in the hillsides adjacent to the (appendix A).

South Fork Merced River can be conduits that Downward flow in well B2 indicates that

allow ground water to flow between fractures in the hydraulic head is higher in shallow fractures than in
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Table 2. Selected chemical data for ground water from wells at Wawona, Biledo Spring, and Biledo Meadow
Forest, California, summer 1991 through autumn 1993

[Data from wells are listed in order of increasing concentrations of dissolved chloride to more readily show differences in
page VII. See figure 4 for location of wells. Depth of well in feet below land surface. Altitude of land surface in feet above
S, well producing ground water from shallow fractures; SD, well producing ground water from shallow and deep fractures.
bromide to dissolved chloride. TH], test hole 1; TH2, test hole 2. do., ditto; <, actual value is less than value shown;

Produc- Alti- Speci- Cal-
wfl;alt*?o Date Sﬁf:g - ing Depth tude fic (Sgnl i cium,
tost hole., samp- condi- frac- of of land conduc- ard dis-
or spriné led tion ture well surface tance units) solved

depth (ft) (pS/cm) (mg/L)
4S/21E- 35P1 8-21-91 Pumped S 68.3 4,210 64 6.1 6.5
35Q1 8-19-91 do. S 209.0 4,375 108 6.4 9.6
35D6 8-03-91 do. S 400.0 4,130 161 74 20
35E1 8-27-91 do. S 250.0 4,047 94 6.5 9.5
35C8 8-31-91 do. S 87.0 4,265 82 6.5 8.0
35H3 8-30-91 do. S 175.0 4,176 100 6.5 10
35D9 8-30-91 do. S 200.0 4,117 147 6.6 16
35P2 8-21-91 do. S 72.1 4,245 T 6.3 6.9
35C4 8-26-91 do. S 60.0 4,199 117 6.8 12
35C2 8-25-91 do. S -- 4,125 126 6.8 15
35B1 8-26-91 do. S 90.0 4,218 95 6.6 9.8
35H1 8-31-91 do. S 114.0 4,195 157 6.5 20
35C5 8-26-91 do. S 107.0 4,136 106 6.6 10
35C1 8-25-91 do. S 95.0 4,210 109 6.7 12
35E12 8-28-91 do. S 200.0 4,160 102 6.2 10
35H2 9-07-91 do. S 60.0 4,178 100 6.4 11
35E8 8-29-91 do. S 260.0 4,161 151 6.6 18
35D5 8-30-91 do. S 34.0 4,134 107 6.4 11
35H9 9-07-91 do. S 62.4 4,185 150 6.7 17
35E3 8-27-91 do. S 300.0 4,062 120 6.6 14
35D1 8-28-91 do. S 54.1 4,155 107 6.3 11
35C13 8-27-91 do. S 85.0 4,151 122 6.6 12
35C3 8-26-91 do. S 142.9 4,173 122 6.8 14
3512 8-22-91 do. S 97.0 4,133 125 6.8 14
35F7 8-17-91 do. S 94.0 4,118 98 6.6 10
35P3 8-25-91 do. S 160.0 4,129 123 6.9 15
35L1 8-22-91 do. S 86.5 4,124 114 6.6 13
35B2 8-25-91 do. St 138.0 4,151 137 6.5 14
35M2 8-23-91 do. S 48.8 4,037 116 6.6 12
deeper fractures. Therefore, water-level measure- 80 and 115 ft below land surface and exits the well
ments for well B2 are an underestimate of hydraulic about 880 ft below land surface (appendix A).
head in the shallow fracture and an overestimate of Water-level measurements in this well also are an
hydraulic head in the deeper fracture. Because underestimate of hydraulic head in the fractures 80
many of the shallow wells may be similarly and 115 ft below land surface and an overestimate
affected, the altitudes of the water table in these of hydraulic head in the fracture at 880 ft below
wells also may be underestimated. land surface. Data from the deep wells in the hill-
Well R1, which is located on top of a low ridge sides of the South Fork Merced River valley were
separating the South Fork Merced River valley from not used to contour hydraulic head in the local
the Wawona meadow, allows shallow ground water shallow flow system because water levels in these
in the local flow system to flow down the well and wells are a composite of head in the shallow and
mix with much deeper ground water. Flowmeter deep ground-water-flow systems (figs. 11 and 12).
logs for well R1 indicate that ground water, which Ground water in deep wells in the valley floor
is low in dissolved solids (as shown by the fluid- flows upward from deep fractures and out of the
resistivity log in appendix A), enters this well at a wells where hydraulic head is lower at shallower
rate of about 0.3 gal/min at shallow fractures about fractures and at land surface. Borehole geophysical
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spring 1 and from stream sampling sites in the Wawona area of Yosemite National Park and the Sierra National

composition among shallow, deep, and mixed ground waters. State well No.: See well- and spring-numbering system on
sea level, rounded to the nearest foot. Producing fracture depth: D, well producing ground water only from deep fractures;
ft, foot; pS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligram per liter; Br/Cl, ratio of dissolved

--. no data]

Magne- Sod- Potas- Alka- Cal- Sul- Chlor- Fluo- Bro-

sium, ium, ium, linity cite fate, ide, ride, mide, Rati
dis- dis- dis- (mgL  satura- dis- dis- dis- dis- Ba/C(i

solved solved solved as tion solved solved solved solved (Br/CD

(mg/L) (mg/L) (mg/L) CaCO,) index (mg/L) (mg/L) (mg/L) (mg/L)
0.82 6.5 1.0 34 -2.93 0.2 <0.01 <0.10 <0.01 -
1.9 10 22 57 -2.34 3 20 .10 <.01 --
39 12 1.8 91 -.80 5 .40 <0.10 <.01 -
1.5 9.3 1.7 51 -2.25 2 .50 <0.10 <.01 --
1.1 8.6 1.3 44 -2.35 3 .50 <0.10 <.01 -
1.8 9.1 1.9 54 -2.20 2 .50 <0.10 <.01 --
34 12 1.7 68 -1.83 5 50 <0.10 <.01 --

.83 7.1 90 40 -2.66 2 .50 <0.10 <.01 --

14 9.6 14 60 -1.77 .6 .60 <0.10 <.01 --
1.7 10 .90 65 -1.65 S5 .60 <0.10 <.01 --
1.7 9.0 1.6 53 -2.10 3 .60 <0.10 <.01 --
3.5 9.6 1.7 85 -1.73 .5 .60 <0.10 <.01 --
1.0 11 .90 51 -2.14 3 .70 <0.10 <.01 -
1.1 10 1.0 56 -1.90 .6 .70 <0.10 <.01 -
1.8 9.4 1.6 53 -2.53 3 .70 <0.10 <.01 -
2.6 9.2 2.1 54 -2.28 3 .70 <0.10 <.01 --
3.8 11 1.8 83 -1.69 3 .80 <0.10 <.01 --
23 8.9 14 58 -2.26 2 .80 <0.10 <.01 --
34 12 2.1 81 -1.43 7 .80 0.10 <.01 --
14 9.3 2.1 64 -1.90 .8 1.0 <0.10 .01 0.01000
2.2 9.5 1.6 55 -2.37 3 1.0 <0.10 <.01 --
1.6 10 14 61 -1.98 4 1.2 <0.10 <.01 --
1.6 10 .90 65 -1.74 8 1.2 0.10 <.01 --
1.8 8.2 1.8 63 -1.76 3 1.3 <0.10 <.01 --
1.5 10 .90 46 -2.13 3 1.6 <0.10 <.01 -
2.4 8.2 2.2 66 -1.59 3 1.6 <0.10 -- -
1.9 7.8 2.8 60 -1.99 3 1.7 <0.10 <.01 -
32 10 2.1 70 -1.59 .8 2.2 0.10 <01 --
2.0 9.8 14 55 -2.05 1.1 4.0 <0.10 .01 .00250

logs for TH1 and TH2 and well 36M1 (appendix A)
illustrate the upward flow of deep ground water.
Drillers’ logs indicate that the same conditions exist
in wells G1, G2, and G3. Data on these deep wells
were not used to contour hydraulic head in the deep
fractures because equipment was not available to
isolate fractures for measurement of hydraulic head
because some wells were inaccessible and because
so few deep wells have been drilled in the Wawona
area.

Major lons

Ground water is chemically segregated verti-
cally. Ground water flowing through shallow frac-
tured rocks is dilute. Ground water under high

hydraulic head in deep fractures is more mineral-
ized. Specific conductance, a measure of the dis-
solved mineral content of water, is much lower in
water from shallow wells. In Wawona, specific
conductance ranges from 64 to 207 pS/cm (micro-
siemens per centimeter) in wells that are less than
about 300 ft deep and in deeper wells that receive
ground water primarily from shallow fractures (type
S, table 2). The deeper flowing wells in the valley
floor intersect fractures that contain ground water
with a specific conductance that ranges from 369 to
2,350 pS/cm (type D, table 2). Data in table 2 are
listed in order of increasing concentrations of
dissolved chloride so that differences in compo-
sition among shallow, deep, and mixed ground
waters are more obvious.
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Table 2. Selected chemical data for ground water from wells at Wawona, Biledo Spring, and Biledo Meadow
National Forest, California, summer 1991 through autumn 1993--Continued

Alti- Speci- Cal-
State Samp- Producing Depth tude fic pH cium,
well No,, Date ling fracture of of land conduc- (stand- dis-
test hgle, sampled cqndl- depth well surface tance ar'd solved
or spring tion (£t (uS/cm) units) (mg/L)
4S/21E- 35R2 8-19-91 Pumped S 95.6 4,400 158 6.5 16
35E2 8-29-91 do. S 90.0 4,044 126 6.4 13
35M7 8-28-91 do. S 190.0 4,048 136 6.3 15
35M1 8-23-91 do. S 155.0 4,092 165 6.6 20
35E16 8-27-91 do. S 1334 4,042 161 6.6 16
35F1 9-03-91 do. S 70.5 4,085 207 7.6 21
35P4 8-26-91 do. SD 300.0 4,163 244 72 18
35E17 8-29-91 do. SD 300.0 4,071 348 7.6 49
35R1 8-18-91 do. SD! 1,235.0 4,394 344 1.7 45
35E9 8-28-91 do. SD 740.0 4,134 366 6.6 34
36M1 8-16-91  do.; flowing SD! 900.0 4,192 380 79 26
when unpumped
TH2? 8-23-92 Flowing D! 425.0 4,106 369 8.8 17
4S/21E- 35G2 8-17-91 do. D 400.0 4,081 410 8.5 26
35G1 8-17-91 do. D 480.0 4,082 443 8.5 26
35G3 8-31-91 do. D 600.0 4,108 438 8.8 25
TH2? 10-26-93 do. D! 425.0 4,106 560 8.3 32
TH1® 8-24-92 do. D! 1,027.0 3,975 1,520 8.4 58
TH1? 10-26-93 do. D! 1,027.0 3,975 2,350 8.1 120
5S/22E- 16AS1* 9-5-91 do. -- - - 181 8.1 34
16BS1° 9-5-91 do. - - -- 165 79 31
Discharge, Altitude Specific pH Calcium,
Stream Date instan- of land conduc- (stand- dis-
sampling site sampled taneous surface tance ard solved
(ft%s) (f) (uS/cm) units) (mg/L)
South Fork Merced River
above Highway 41 Bridge
at Wawona, CA 9-1-91 2.7 3,950 42 7.5 38

Rainier Creek above Biledo
spring inflow near Fish
Camp, CA 9-5-91 .06 7,160 28 7.5 3.6

'Borehole geophysical data confirm depth to producing fractures.
*State Well No. 4S/21E-35J2.

3State Well No. 4S/21E-34R1.

“Biledo Spring.

’Biledo Meadow spring 1.

The ionic composition of ground water also
varies with depth. The relative proportion of major
cations and anions in each water sample is shown
on the trilinear diagram as a percentage of the total
cationic (positively charged ions) or anionic (nega-
tively charged ions) content measured in milli-
equivalent per liter (meq/L) (fig. 13). Data col-
lected from wells, the high altitude springs in the
Biledo Meadow area, and stream-sampling sites on
the South Fork Merced River and on Rainier Creek

are shown in figure 13 and listed in table 2. Two
samples were collected from each of the test holes
(TH1 and TH2)—once when the test holes were
drilled in late August 1992 and a second time after
long-term flow tests when specific conductance of
discharging water had increased at each test hole.

Shallow wells and wells that receive ground-
water inflow primarily from shallow fractures (type
S, table 2) produce ground water classified as a
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spring 1 and from stream sampling sites in the Wawona area of Yosemite National Park and the Sierra

Magne- Sod- Potas- Alka- Cal- Sul- Chlor- Fluo- Bro-
sium, ium, ium, linity cite fate, ide, ride, mide, Rati
dis- dis- dis- (mg/L satura- dis- dis- dis- dis- Ba/(l:?
solved solved solved as tion solved solved solved solved (Br/Cl)
(mg/L) (mg/L)  (mg/L) CaCO0,) index (mg/L) (mg/L) (mg/L)  (mg/L)
2.1 11 2.2 60 -2.00 <0.10 5.7 <0.10 0.03 0.00526
2.4 12 1.7 58 -2.17 .30 6.5 <.10 .01 .00154
2.0 10 2.2 56 -2.26 .80 8.7 <.10 .02 .00230
2.6 11 2.5 71 -1.74 .50 9.5 <.10 .02 .00211
29 13 22 70 -1.81 .50 9.7 <.10 .02 .00206
3.0 16 1.8 80 -.66 1.2 17 30 .04 .00235
1.3 32 1.8 83 -1.13 2.1 27 30 .04 .00148
6.0 16 1.8 115 -17 1.2 36 <.10 .07 .00194
4.4 24 90 124 -.07 3.0 40 30 .06 .00150
6.3 16 2.8 77 -1.49 <.10 68 .10 .01 .00015
74 55 60 77 -25 52 71 .90 .14 .00197
04 53 40 25 .04 6.6 97 1.4 13 .00134
19 56 80 35 -.07 5.6 100 1.7 .13 .00130
19 57 80 34 -.08 5.7 100 1.7 13 .00130
20 58 70 35 34 4.5 110 1.5 17 00154
.08 71 .50 23 -37 6.2 150 1.3 18 .00120
35 250 1.1 29 -.37 4.0 480 2.2 .57 .00119
M) 330 1.5 21 -.17 5.6 750 1.9 13 .00097
33 1.5 .80 100 .03 1.4 <10 <.10 <.10 -
2.8 29 .90 93 -21 2.2 .20 <.10 <.10 --
Magne- Sod- Potas- Alka- Cal- Sul- Chlor- Fluo- Bro-
sium, ium, ium, linity cite fate, ide, ride, mide, Rati
dis- dis- dis- (mg/L satura- dis- dis- dis- dis- Ba/C(i
solved solved solved as tion solved solved solved solved (Br/CI)
(mg/L) (mg/L) (mg/L) CaCO,) index (mg/L) (mg/L) (mg/L)  (mg/L)
0.51 4.0 0.80 18 -- 1.1 2.8 <0.10 <0.10 --
78 1.5 .50 15 -- 40 <.10 <.10 <.10 --

calcium bicarbonate or calcium sodium bicarbonate
water type. This classification is based on the
dominant cations and anions in the water. The

These weak acidic solutions chemically weather
granitic rocks by reacting with silicate minerals
(primarily plagioclase, feldspar, amphibole, horn-

cationic composition of shallow ground water
ranges between 45 to 60 percent calcium and
between 25 and 45 percent sodium (fig. 13). The
anionic composition of shallow ground water is
about 90 percent bicarbonate. Dissolved solids in
water moving through and chemically reacting with
granitic rocks of the Sierra Nevada are expected to
be primarily calcium, sodium, and bicarbonate.
Ground water charged with atmospheric carbon
dioxide in infiltrating precipitation and with carbon
dioxide from microbial degradation of organic
matter in soils forms weakly acidic solutions.

blende, and biotite) and secondary carbonate miner-
als (primarily calcite). The cationic composition of
shallow ground water in granitic rocks commonly is
dependent on mineral dissolution, precipitation of
clay and other secondary minerals, and cation ex-
change with secondary clay minerals (Feth and
ot9119ers, 1964; Garrels, 1967; Waber and Nordstrom,
1993).

Cation concentrations in ground water from
deep flowing wells (type D, table 2) are dominated
by dissolved sodium and chloride (fig. 13). The
cationic content of ground water from these wells is
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Figure 13. Chemical composition of water samples from wells, springs, and streams in the Wawona
area, Yosemite National Park, California.
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between 65 and 80 percent sodium and between 20
and 35 percent calcium. The anionic content of
ground water from these wells is at least 80 percent
chloride.

If deep ground water evolved from a composi-
tion similar to that of shallow ground water in the
South Fork Merced River valley, low alkalinity in
samples from deep flowing wells might indicate
that calcite has precipitated from solution. The
calcite saturation index is slightly above zero for
some samples from flowing wells and slightly
below zero for other samples from flowing wells
(table 2), indicating that deep ground water is
saturated or nearly saturated with respect to calcite.
Calcite is not obvious in well cuttings or at out-
crops, but electron microprobe analysis showed
finely disseminated veinlets of calcite in well cut-
tings from annealed fractures and adjacent alteration
zones (Teresa Rogers, California State University,
Sacramento, written commun., 1994).

Alternatively, if deep ground water is recharged
at high altitudes where soil is thin or absent, low
alkalinity might result because of a lack of microbi-
ally produced carbon dioxide. Silicate weathering
reactions that produce higher alkalinity concen-
trations, similar to the concentrations in samples
from the shallow wells (table 2), require more
dissolved carbon dioxide than can be obtained from
atmospheric partial pressures of carbon dioxide
(Garrels, 1967).

The anionic composition of ground water from
the deep flowing wells is not representative of
chemical weathering of granitic rocks. Chloride,
typically a conservative constituent in ground water,
is not expected to participate in mineral dissolution
and precipitation in granitic rocks. The plot for
anions (fig. 13) shows a trend in the proportion of
chloride dissolved in ground water, which is less
than 10 percent of the total anionic content in the
shallow wells to more than 80 percent in the deep
flowing wells. Most samples with an intermediate
chloride content can be explained by the mixing of
shallow bicarbonate and deep chloride waters. This
trend is not as clearly defined on the combined ion
part of the trilinear diagram.

Samples from two wells (E17 and E9) plot
noticeably off a mixing line between shallow and
deep ground water (fig. 13). The cationic content
of these two samples is dominated by calcium
rather than sodium. The cationic content of other
samples in which the anion percentage of chloride
is intermediate between that of deep and shallow
ground waters is dominated by sodium. It is un-
clear why the cationic content of these two samples
is dominated by calcium. Geophysical logs, miner-
alogical samples, data on the variation of ground-
water chemistry with depth in fractures contributing
ground water, and information on possible chemical

treatment to control iron bacteria or other problems
are not available for these two wells.

During pumping, samples of discharge water
from some wells intersecting both shallow and deep
fractures exhibited large changes in specific con-
ductance, temperature, pH, and dissolved oxygen
concentrations. The chemical composition of water
from these wells varied, depending on the propor-
tion of ground water from the shallow and deep
fractures at the time a well was sampled. Data
from the borehole geophysical logs verified that
some wells produce dilute water from shallow
fractures and more mineralized water from deep
fractures (table 2). If the conceptual model of the
aquifer in the South Fork Merced River valley is
correct and if the deep, mineralized ground water is
hydraulically separated from shallower, more dilute
ground water, little mixing of shallow and deep
waters occurs naturally. Most samples with a
chloride content intermediate between that of shal-
low and deep ground water probably resulted from
mixing shallow and deep ground water through
wells that intersect shallow and deep fractures. In
the absence of wells, little mixing probably would
have occurred.

The source of chloride and increased mineral
content of deep ground water is not known.
Previous studies indicate that saline ground water in
the granitic rocks of the foothills of the central
Sierra Nevada is connate marine water that either
has migrated upward along faults from subducted
marine sediments (Mack and Ferrell, 1979) or has
been squeezed from metamorphosed marine sedi-
ments and then has been greatly diluted with
meteoric water (Mack and Schmidt, 1981; Mack
and LeTourneau, 1982).

Fluid inclusions in minerals that form granitic
rocks and in the igneous dikes and hydrothermal
veins within the granitic rocks are another possible
source of chloride and related cations in deep
ground water at Wawona. Inclusion fluids are often
highly saline (Roedder, 1984). Saline inclusion
fluids could mix with ground water where rocks
have been fractured either tectonically or by stress-
relief processes when confining overburden pressure
is removed by erosion. A chemical composition
similar to the deep ground water at Wawona could
result if saline fluid leaked slowly from inclusions
to meteorically derived ground water for an exten-
ded period of time. It is plausible that stagnant
bodies of ground water trapped in deep, dead-end
fractures or ground water that moves slowly
through a regional ground-water-flow system from
high altitude recharge areas could evolve chemically
in this manner. Fluid inclusions were shown to be
a probable source of salinity in deep ground water
in granitic rocks at Stripa, Sweden (Nordstrom and
others, 1989a; 1989b).
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Figure 14. Bromide to chloride ratio as a function of chloride concentration in
ground water and mean bromide to chloride ratio for two fluid-inclusion samples
from granitic quartz in the Wawona area, Yosemite National Park, California.

Mass balance calculations needed to study the
genesis of deep ground water at Wawona could not
be done because no data were available to estimate
the salinity or volume of inclusion fluids in the
granitic rocks. However, the similarity of the ratio
of dissolved bromide to chloride (Br/C1) in ground
water at Wawona to the Br/C1 ratio of two fluid-
inclusion samples from the granitic rocks indicates
that fluid inclusions could be a source of the dis-
solved chloride.

The Br/Cl ratios in ground water sampled at
Wawona are relatively constant (a mean of about
0.0018) and are independent of the chloride concen-
trations (fig. 14). The exceptions were two values
where the concentration of bromide was at the
detection limit of the analytical technique (0.01000)
(table 2, fig. 14). The majority of the samples for
which a Br/C1 ratio could be computed were from
wells that produce some ground water from the
deep fractures (SD and D, table 2). Because ground
water in shallow fractures is dilute, the Br/C1 ratio
of the SD samples probably represents the value of
the deeper, more saline ground water.

The Br/C1 ratios of fluid inclusion leachate
from quartz in the El Capitan Granite and the
Tonalite of the Gateway are 0.00184 and 0.00175,

respectively (Niklaus Waber, University of Bemn,
Switzerland, written commun., 1993). The El
Capitan Granite sample is from a depth of 390 ft
below land surface in TH2, and the Tonalite of the
Gateway sample is from a depth between 585 and
595 ft below land surface in TH1. The Br/Cl1 ratio
in present-day ocean water is higher—0.00347
(Morris and Riley, 1966). Because ancient sea
water could have had a similar Br/C1 ratio
(Holland, 1984), these data indicate that fluid inclu-
sions rather than ancient seawater may be the
source of salinity in ground water at Wawona.

A fluid-inclusion source of chloride, however,
seems inconsistent with the conclusions of Nimz
and others (1993). They suggested that extremely
low ratios of **C1 (36-chloride) to total C1
(**C1/C1) were associated with high chloride
concentrations in ground water collected from deep
wells and saline springs in the foothills of the
central Sierra Nevada. They suggested that the
*C1/C1 ratio should have been higher considering
the availability of neutrons from radioactive decay
of uranium and thorium in the granitic rocks, the
chloride concentration of the ground water, and the
probable residence time of the saline water. Nimz
and others (1993) concluded that ground water
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containing high concentrations of dissolved chloride
may have recently moved into granitic rocks from
nongranitic rocks deeper in the crust.

Tritium

Tritium is a radioactive isotope of hydrogen.
Large quantities of trititum were introduced to the
atmosphere by atmospheric testing of nuclear
devices between 1952 and the early 1960°s (Michel,
1989). Tritium concentrations in water recharging
the aquifer at Wawona varied over time in relation
to tritium concentrations in precipitation. Tritium
concentrations in precipitation peaked in the 1960’s
and since then generally have decreased in response
to cessation of atmospheric nuclear testing. Because
tritium has a half life of 12.4 years, tritium concen-
trations in ground water that originated as precipi-
tation 12.4 years ago would be half the concen-
tration of the original precipitation.

Tritium concentrations can be used to estimate
the relative age of ground water by accounting for
the radioactive decay of trititum between the time
precipitation fell and the time ground water was
sampled. Figure 15 shows the expected concentra-
tions of tritium sampled in ground water at
Wawona in 1991 that originated as precipitation
between 1953 and 1983. The data in table 3 are
ranked from lowest to highest concentrations of
dissolved chloride so that differences in tritium
concentrations and relative age can be related to
shallow, deep, and mixed ground water. The date
that the sampled ground water recharged the aquifer
can be estimated by comparing the concentration of
tritium in the sampled ground water (table 3) with
the calculated concentration shown on figure 15.

Ground-water samples from wells producing
water from the shallow fractures contained the
highest tritium concentrations (table 3). Because no
samples contained tritium in concentrations
approaching that expected in recharge from the
early to mid-1960’s (fig. 15), the shallow ground
water probably originated as precipitation after the
mid-1960’s. Determining the precise age of ground
water from the tritium concentrations from shallow
wells is not possible because in many cases
precipitation from different years has mixed in the
aquifer or the well. For example, heat-pulse flow-
meter measurements for well B2 (appendix A)
indicate that when the well is not being pumped
ground water flows down the borehole from a
fracture 40 ft below land surface and exits the well
at a fracture 90 ft below land surface. Similar
mixing in the aquifer probably occurs near many
other shallow wells.
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Figure 15. Tritium concentrations expected in ground
water in the Wawona area that originated as precip-
itation between 1953 and 1983, Yosemite National
Park, California. Expected concentrations were calcu-
lated by determining the radioactive decay of tritium
between the time precipitation fell and the time ground
water was sampled. (Modified from Michel, 1989).

Ground-water samples from the deep flowing
wells contained no tritium from the period of
atmospheric nuclear testing. These waters were the
oldest ground waters sampled at Wawona. The
meteoric component of ground water from deep
flowing wells originated as precipitation prior to the
early 1950’s.

Ground-water samples from wells producing
water from both shallow and deep fractures have
intermediate tritium concentrations. The relative
age of the water in these samples as interpreted
from the tritium data are meaningless because the
samples are a mixture of young and old water not
water of intermediate age. It is likely that the
proportion of shallow to deep water in a sample
varies from well to well depending on the hydraulic
characteristics of fractures and location of wells in
the ground-water-flow field, etc.

Geophysical data collected from wells R1 and
36M1 (appendix A) indicate that, when these wells
are not pumped, the boreholes allow ground water
to mix in the aquifer by short circuiting flow bet-
ween shallow and deep fractures. When the wells
are pumped, all permeable fractures contribute to
well discharge. The amount of water mixing
through the boreholes depends on the transmissivity
and hydraulic head of shallow and deep fractures
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Table 3. Isotopic composition of ground-water samples from wells, test holes, and springs in the Wawona area
of Yosemite National Park and the Sierra National Forest, California

[Data from wells are listed in order of increasing concentrations of dissolved chloride to more readily show differences in
composition among shallow, deep, and mixed ground waters. State well No.: See well- and spring-numbering system on
page VIL. See figure 4 for location of wells. Depth of well in feet below land surface. Producing fracture depth: D,
well producing ground water only from deep fractures; S, well producing ground water only from shallow fractures; SD,
well producing ground water from shallow and deep fractures. ft, foot; TU, tritium unit; THI, test hole 1; TH2, test hole
2. do., ditto; <, actual value is less than the value shown; --, no data]

State . Depth : . ) N
well No., Date Sampling Pg)ducmg of Stable isotope ratio, permil Trmtu;n,
test hole, or sampled condition ;Ctltlﬁ‘e well Delta Delta t'(I)'S
spring No. ep (fr) oxygen-18 deuterium (TU)
4S/21E- 35P1 9-17-91 Pumped S 68 -11.65 -81.5 9.1
35D6 9-10-91 do. S 400 -12.10 -85.5 9.0
35El 9-09-91 do. S 250 -11.90 -84.0 7.4
35C8 9-12-91 do. S 87 -11.75 -82.5 14.7
35D9 9-09-91 do. S 200 -11.95 -83.0 9.7
35C4 9-12-91 do. S 60 -11.90 -85.0 13.5
35C2 9-13-91 do. S -- -12.15 -86.5 12.5
35B1 9-15-91 do. S 90 -11.75 -83.5 13.6
35H1 9-15-91 do. S 114 -11.80 -84.5 15.3
35C5 9-13-91 do. S 107 -11.85 -83.5 16.2
35C1 9-14-91 do. S 95 -12.00 -86.0 13.2
35E12 9-10-91 do. S 200 -11.85 -84.0 10.7
35D5 9-10-91 do. S 34 -11.85 -83.0 8.4
35HS 9-12-91 do. S 62 -11.90 -85.0 14.8
35E3 9-11-91 do. S 300 -11.75 -83.0 11.3
35D1 9-10-91 do. S 54 -11.65 -85.0 12.1
35C13 9-14-91 do. S 85 -11.80 -84.0 13.1
35C3 9-19-91 do. S 143 -12.00 -86.0 9.7
35F7 9-11-91 do. S 94 -11.95 -86.5 14.8
35B2 9-15-91 do. s! 138 -11.90 -83.5 -
35M2 9-19-91 do. S 49 -11.70 -82.5 11.6
35R2 9-18-91 do. S 96 -12.05 -85.5 --
35E2 9-11-91 do. S 90 -11.70 -83.0 122
35M7 9-16-91 do. S 190 +-11.50 -80.5 --
35E16 9-16-91 do. S 133 -11.70 -82.5 7.5
35F1 9-15-91 do. S 71 -12.15 -86.0 11.9
35P4 9-19-91 do. SD 300 -12.50 -88.0 --
35P4 *9-19-91 do. SD 300 -12.15 -85.5 4.7
35E17 9-14-91 do. SD 300 -12.45 -88.0 3.1
35R1 9-17-91 do. SD! 1,235 -12.60 -88.0 22
35SE9 9-25-91 do. SD 740 -11.80 -83.0 119
36M1 9-17-91 do.; flowing SD! 900 -13.65 -98.0 .6
when unpumped
TH2* 8-23-92 Flowing D! 425 -13.40 -95.0 <3
4S/21E- 35G2 9-27-91 do. D 400 -13.35 -94.5 <3
35G1 9-16-91 do. D 480 -13.30 -95.0 <3
35G3 10-29-91 do. D 600 -13.25 -94.5 3
TH2* 10-26-93 do. D! 425 -13.44 -96.3 <3
TH1® 8-24-92 do. D! 1,027 -13.55 -96.0 <3
TH1® 10-26-93 do. D! 1,027 -13.83 -99.4 <3
5N/22E- 16AS1*  9-18-91 Flowing - -- -13.15 -90.5 124
16BS1° 9-18-91 do. -- -- -13.25 -91.5 9.1

'Borehole geophysical data confirm producing fracture depth.
2Sample taken at 11:18.

*Sample taken at 13:15.

“Biledo Spring.

’Biledo Meadow spring 1.
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and on the length of time that the wells are not
pumped. Changes in temperature, specific
conductance, and pH indicate that the proportion of
shallow to deep ground water in well discharge
varies with time as the wells are pumped. Most
samples collected for tritium concentrations were
collected 2 to 4 weeks later than the samples
collected for inorganic chemical analysis. It is
likely that the tritium and other isotope samples
might represent different proportions of shallow and
deep water than the inorganic samples because
hydraulic-head condi-tions, presampling pumping
history, and sample pumping times were different.

Stable Isotopes

The Proportion of the heavy stable isotopes of
oxygen (‘®0) and hydrogen [*H, (deuterium)] in
water molecules can be used to infer the source and
evaporative history of water. Both isotopes are
reported as ratios relative to Vienna Standard Mean
Ocean Water (V-SMOW) in the permil notation
(Gat and Gonfiantini, 1981). The ratios of both
isotopes are relatively constant at a given latitude in
atmospheric moisture over the oceans. Water mole-
cules composed of oxygen-18 and deuterium atoms
need slightly more energy to evaporate than water
molecules composed of lighter oxygen (**0) and
hydrogen (*H) atoms. Thermodynamic processes
slightly favor the condensation of water vapor con-
taining oxygen-18 and deuterium. Condensation of
water vapor containing oxygen-18 and deuterium
occurs at higher temperatures than condensation of
water vapor containing %0 and 'H. As water drop-
lets repeatedly undergo evaporation and conden-
sation, the aqueous phase becomes isotopically
heavier and the vapor phase becomes isotopically
lighter. Generally, as atmospheric moisture moves
inland from coastal areas, the concentration of the
heavy isotopes decreases relative to the concen-
trations of lighter isotopes. Heavy isotopes are
more concentrated during initial precipitation, which
occurs at lower altitudes in coastal areas, and most
depleted during later precipitation, which occurs
inland at higher altitudes. Oxygen-18 and
deuterium are affected similarly by this isotopic
fractionation process; a plot of the isotopic ratios of
oxygen-18 to deuterium in precipitation is a straight
line with a slope similar to the global meteoric
water line (Gat and Gonfiantini, 1981). The posi-
tion of a stable-isotopic analysis relative to the line
of isotopic fractionation is controlled by temper-
ature and storm duration.

Figure 16 shows the relation between oxygen-
18 and deuterium for all ground-water samples
collected in the Wawona area. A local meteoric
water line has not been developed for the Wawona
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Figure 16. Relation between deuterium and oxygen-
18 for all ground-water samples from the Wawona
area, Yosemite National Park, California. The Santa
Maria meteoric water line is defined by precipitation
collected at Santa Maria, California (International
Atomic Energy Agency, 1981).

area, but the stable-isotopic composition of ground-
water samples collected in this area plots generally
on the meteoric water line defined by precipitation
collected at Santa Maria, Calif. (International
Atomic Energy Agency, 1981). Samples having
stable-isotopic compositions that do not plot on the
meteoric water line could indicate that the ground
water is from a different source or that the ground
water has a different fractionation history. For
example, ground water from the high-altitude
springs near Biledo Meadow (fig. 1) may be
recharged by snowmelt that has been depleted in
heavy isotopes by atmospheric processes within the
snow pack. Evaporation of shallow ground water
may have caused water from well D1, which is very
shallow (54 ft deep), to be isotopically heavy.
Because the isotopic composition of ground
water usually is similar to the mean isotopic com-
position of precipitation in the recharge area of an
aquifer (Gat and Gonfiantini, 1981), differences in
the isotopic composition of ground-water samples
from different wells could help identify the recharge
areas for parts of the aquifer at Wawona that are
tapped by wells. Ground water from the shallow
wells at Wawona is isotopically heavier (contains
more oxygen-18 and deuterium) than ground water
from deeper wells (fig. 16). This suggests that the
meteoric component of ground water in the shallow
wells condensed at warmer temperatures, that is, fell
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as precipitation at a lower altitude or in a climat-
ically warmer period than the ground water in the
deep wells. The shallow wells tap a local ground-
water-flow system that has been recharged by
precipitation that fell on the hillsides near or up-
slope of the wells probably less than 20 years ago
(see "Tritium" section).

The deep flowing wells at Wawona produce
ground water with an isotopic composition that falls
on the same meteoric water line as the ground water
produced by the shallow wells. This indicates that
ground water in deep fractures is derived primarily
from precipitation falling at the same latitude as
precipitation recharging shallow fractures. Because
ground water in the deep wells is isotopically
lighter than ground water in the shallow wells (fig.
16), it probably condensed as precipitation at colder
temperatures either during a cooler climate or at
higher altitudes or both.

Recharge temperatures for ground water samp-
led from wells and springs in the foothills of the
central Sierra Nevada were calculated by Hudson
and others (1993) using concentrations of dissolved
noble gases. They concluded that the meteoric
component of deep, saline ground water in this area
recharged aquifers during a cooler climate, perhaps
thousands of years ago.

If fractionation between shallow and deep
ground water at Wawona (fig. 16) was entirely due
to differences in the altitude of precipitation
recharging these waters, then the difference in
altitudes of the recharge areas could be estimated
using relations between altitude of precipitation and
deuterium content of storms moving eastward over
the Sierra Nevada (Smith and others, 1979; Davis
and Coplen, 1989). The change with altitude in the
deuterium content of rain and snow falling in
Wawona probably is about 15 permil per 3,000 ft of
altitude change. The change is much higher for
snow falling at higher altitudes—about 40 to 50
permil per 3,000 ft of altitude change. These two
values were used to calculate the change in deuter-
ium content of precipitation with altitude. The
results indicate that ground water from the TH1
sample, which was isotopically lighter (sampled
October 26, 1993, table 3), originated as precipi-
tation from clouds that were between 1,400 and
3,700 ft higher than the clouds providing precipi-
tation that recharged the isotopically heaviest
ground water in Wawona. If the base of storm
clouds can be assumed equidistant from land
surface in both recharge areas, the altitude of the
recharge areas should differ similarly. The
estimated altitude of the recharge areas contain
additional uncertainty because of the possible effect
of the isotopic composition of the saline source
water (fluid inclusions or connate water).

Two stable isotope samples were collected from
TH1, TH2, and well P4 (table 3). The duplicate
samples had different stable isotopic compositions
(fig. 16, table 3). These differences generally are
greater than the precision of the analytical technique
(0.1 permil for oxygen-18 and 1 permil for deute-
rium) and probably are caused by differences in the
proportion of old, deep ground water in the samp-
les. The isotopically lighter samples from TH1 and
TH2 were collected near the end of long-term flow
tests when specific conductance in water flowing
from the test holes had increased by more than
50 percent (table 2) (see "Water-Supply Alternatives
for Wawona" section).

Changes in isotopic content, pH, specific con-
ductance, temperature, and dissolved-oxygen
concentrations in well P4 during pumping indicate
that the well produces dilute ground water from
shallow fractures and more mineralized ground
water from deep fractures. The isotopically lighter
sample is more mineralized than the isotopically
heavier sample (specific conductance, 270 and 212
uS/cm, respectively). The isotopically lighter
sample is anoxic, has a higher pH (7.9), and is
warmer (11.0 °C) than the oxygenated, isotopically
heavier sample (pH 7.2, temperature 10.5 °C).
Bore-hole geophysical logging confirmed that
similar changes in water-quality characteristics
during pumping of wells 35R1 and 36M1 were the
result of differences in the chemical content of
ground water in shallow and deep fractures.

Well P4 had not been pumped several days
prior to sampling. The first sample was collected 2
hours before the second sample. The water from
the first sample was isotopically lighter (table 3).
Considering the vertical segregation of the natural
ground-water-flow system in the South Fork
Merced River valley, it is likely that prior to pump-
ing well P4, mineralized ground water in deep
fractures flowed up the well bore and exited at
shallower fractures. When pumping began, most of
the water in the well and in the fractures near the
well originated from the deeper fractures. The first
sample contained a large proportion of the isotop-
ically light, deep ground water. Two hours later,
after pumping had removed the water from shallow
fractures that had originated in the deep fractures,
the sample contained a larger proportion of isotop-
ically heavier water from the shallow flow system.
This interpretation is consistent with the inorganic
chemical composition of water from well P4,
sampled 2 weeks earlier. The water is intermediate
in composition and probably a mix of dilute
calcium sodium bicarbonate water typical of shal-
low fractures and a more mineralized sodium
calcium chloride water typical of deeper fractures
(fig. 13).
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Ground-Water-Quality Conditions

Ground water from all wells sampled in
Wawona meets the primary drinking-water stand-
ards of the State of California and the U.S.
Environmental Protection Agency for inorganic
constituents (State of California, 1993). The
primary drinking-water standards are the maximum
contaminant levels permitted in water entering a
public water-distribution system. These standards
are designed to protect public health. Data for
inorganic constituents in well, spring, and stream
water in the Wawona area are published in "U.S.
Geological Survey Water-Resources Data--Ground
Water, California, 1991," by Johnson and others
(1991).

Several ground-water samples exceeded the
U.S. Environmental Protection Agency’s and the
State of California’s secondary maximum
contaminant-level standards. Secondary maximum
contaminant levels control the taste, odor, or
appearance of drinking water. For example, iron
and manganese are generally considered only
aesthetic problems, staining bathroom and kitchen
fixtures but causing no health risk. Four of 43
wells sampled exceeded the secondary maximum
contaminant level for dissolved iron, with an
obvious buildup of iron bacterial slime in 1 well; 3
of 43 wells exceeded the secondary maximum
contaminant level for manganese (Johnson and
others, 1991). Dissolved iron causes aesthetic
problems when the ground water is anoxic—contains
little oxygen. When such ground water is exposed
to the atmosphere, usually at faucets and other
plumbing fixtures, dissolved iron oxidizes and
precipitates out of solution as ferric oxyhydroxides.
The granitic rocks at Wawona contain iron-bearing
minerals, such as biotite and amphibole, which are a
source of iron to ground water.

One well exceeded the U.S. Environmental
Protection Agency’s secondary maximum contam-
inant level of 5 mg/L for dissolved zinc (State of
California, 1993). Because zinc-bearing minerals
are not common in granitic rocks, the zinc is
believed to come from a galvanized pressure tank
and discharge piping.

Samples from TH1 (table 2) exceeded the
secondary maximum contaminant level for total
dissolved solids.

All well water sampled at Wawona exceeded
the proposed Federal primary drinking-water
standard for dissolved **radon of 300 pC/L (State
of California, 1993) (fig. 17). Dissolved **radon, a
radioactive gas, is one of a series of elements in the
decay chain of uranium and thorium, which natur-
ally occur in granitic rocks. Particles emitted dur-
ing the decay of dissolved **radon and its daughter
products are carcinogenic, causing damage to lung
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Figure 17. Distribution of dissolved *?*radon in ground-
water samples from wells in the Wawona area,
Yosemite National Park, California.

tissue (U.S. Environmental Protection Agency,
1991). Damage to tissue in the digestive track by
water containing dissolved *?radon has not been
quantified. Because most domestic water systems
at Wawona are pressurized from the well to the
faucet, water does not degas and vent the dissolved
Zradon until it is inside the home. The proPosed
maximum contaminant level for dissolved ***radon
in drinking water was established to minimize the
concentration of radon in indoor air. Dissolved
*Zradon can be removed from ground water by air
sparging and by venting storage tanks.

Well Yield

Generally, yields from wells drilled in the
fractured granitic rocks at Wawona are low. Short
(5- to 60-minute) pumping tests were run on 40
nonflowing (pumped) wells prior to sampling water
for chemical analysis and on 2 other nonflowing
wells. Water-level drawdown during pumping
indicated that most wells are pumped at rates that
cannot be sustained by the fractures intersecting the
well and that much of the pump discharge is sup-
plied by water stored in the 6- or 8-in. diameter
wellbores. Because much of the discharge during
these short tests was from wellbore storage, quanti-
tative analysis of the relation between water-level
drawdown and time of pumping was not possible.
During most of the pumping tests, the rate of draw-
down slowed, the amount of water produced from
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wellbore storage decreased, and the percentage of
the pumped discharge from the aquifer increased
with time. The production rate of water from the
aquifer at the end of 30 minutes was used as an
estimate of short-term yield of 38 tested wells and
ranged from 0.1 to 19 gal/min (fig. 18). Short-term
yields were not determined for deep flowing wells
in the valley floor.

Drillers’ estimates of well yield, which gener-
ally are based on the volume rate of water brought
to the surface by an air-rotary drilling rig at the end
of a test period, were available for 14 of the 38
wells tested. The length of a driller’s test can vary
from minutes to hours. Drillers’ estimates also
should be considered short-term yields. A compar-
ison of drillers’ estimated yields with yields from
the pumping tests is shown in figure 18. A point
on either curve represents the cumulative percentage
of wells with a yield less than that represented by
the point. The curves are very similar. About 57
percent of the wells in each distribution have yields
less than or equal to 5 gal/min. The median yield
for both estimates is between 4 and S gal/min.

Quantifying well yield is a subjective task and
is particularly difficult in fractured-rock aquifers.
Wells initially having a high yield commonly exper-
ience a drastic drop in yield or go dry once the
fractured area is drained. Swanson (1979) deter-
mined that well yields decreased between 50 and 90
percent of their initial pumping rate during long-
term constant-head pumping tests in fractured gran-
itic and metamorphic rocks of the central Sierra
Nevada foothills. Most of the tests by Swanson
were done during the dry season for a duration of
50 to 100 days. In the winter following the tests,
most well yields recovered to their initial rate.
Similar decreases in well yield were observed by
Schmidt (1977; consultant, written commun., 1994)
during long-term pumping tests of wells drilled in
fractured granitic rocks in the foothills of the south-
emn Sierra Nevada. The results of the tests by
Swanson and Schmidt indicate that short-term
yields are not reliable for determining long-term
production estimates. The median yield (4 to 5
gal/min) of wells at Wawona probably could not be
sustained during long-term pumping.

The relation between well yield and well depth
at Wawona generally is poor (fig. 19). The greatest
probability of high yields (more than 10 gal/min) is
from wells that are less than 100 ft in depth. Six of
20 wells with depths of less than 100 ft yield 10
gal/min or more, but only 1 of 9 wells with depths
between 100 and 200 ft deep and 1 of 9 wells with
depth greater than 200 ft yield more than 10 gal/
min (fig. 19). High-yielding shallow wells may
intersect shallow, open, sheeting fractures that occur
near land surface. If a well does not intersect per-
meable fractures at a shallow depth, a driller proba-
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Figure 18. Comparison of driller's estimated yield
with short-term pumping-test yields for wells in the
Wawona area, Yosemite National Park, California. A
point on either curve represents the cumulative
percentage of wells with a yield less than that
represented by the point.
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Figure 19. Relation between short-term well yield and
well depth for wells in the Wawona area, Yosemite
National Park, California. The terms low, medium,
and high describe relative yield of welis at Wawona.

bly would continue to drill until obtaining an ade-
quate yield from a deep water-bearing fracture. If
no highly productive fractures are encountered, a
deep well could provide adequate water for a
single-family residence because the well could act
as a cistern for ground water that seeps slowly from
less productive fractures into the wellbore. A rela-
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river, and section B-B’, Yosemite National Park, California. (Section shown in figure 24).

tion between well yield and well diameter, saturated
thickness of the fractured rocks penetrated by the
well, topographic location, or rock type is not ap-
parent nor is there an apparent relation between the
location of high yield wells and fracture traces.
Because fracture traces are obscured by vegetation,
soil, till, or alluvium covering the bedrock in the
South Fork Merced River valley near the wells, no
definitive conclusions regarding the lack of a rela-
tion between yield and fracture traces can be made.
Well yield can often be increased by hydraulic-
ally pressurizing isolated intervals of the wellbore
causing fractures to open, thereby improving perme-
ability and interconnection with other fractures.
Paillet and Rule (1994) determined that hydraulic

stimulation is most successful in increasing produc-
tion from low-yielding wells. Occasionally, yields
were increased by as much as 100 percent, but
because initial yields were low, the wells remained
poor producers. Use of hydraulic stimulation tech-
niques probably would not create high-yielding
wells for ground-water production in Wawona.

Relation to Flow in the South Fork Merced
River

Four stream gain-and-loss studies were done on
three reaches of the South Fork Merced River be-
tween streamflow reporting sites A and D (fig. 20)
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Figure 21. Discharge of the South Fork Merced River at streamflow reporting sites during gain-and-loss studies
between August 1, 1991, and October 8, 1992, Yosemite National Park, California.

during the dry seasons between August 1, 1991, and
October 8, 1992. Discharge at the streamflow
reporting sites for each of the four studies is shown
on figure 21. Gain or loss was computed for each
reach by subtracting tributary inflow and flow at an
upstream site from flow measured at a downstream
site. Streamflow measurements made during gain-
and-loss studies on the South Fork Merced River
are published in a report by Mullen and others
(1993).

Cumulative gains and losses in flow for each
study are shown in figure 22, with the positive
slope indicating flow gains and the negative slope
indicating flow losses. The magnitudes of gain and
loss were within the expected measurement error for
all stream-discharge measurements. However,
because the gains and losses occurred in the same

reaches and were about the same percentage of
streamflow regardless of the magnitude of the flow,
the South Fork Merced River probably loses flow
between sites A and C, (fig. 20) and then regains
flow in the most downstream reach (between sites C
and D, fig. 20). The data indicate that between
sites A and D the South Fork Merced River does
not gain appreciable flow from the ground-water-
flow system during the dry season.

Hydraulic head in deep wells near the South
Fork Merced River (between sites A and B, fig. 23)
is more than 150 ft above the river. The water
table, defined by hydraulic head in the shallow
wells near the center of the valley, is about at river
level. The hydraulic gradient between shallow and
deep wells in the fractured rocks beneath the river
is strongly upward, indicating that a potential exists
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Figure 22. Cumulative gains or losses in flow of the South Fork Merced River at streamflow reporting sites
between August 1, 1991, and October 8, 1992, Yosemite National Park, California.

for ground water to flow toward the river from the
deep fractures. However, the river is losing water
to the ground water system in this reach (figs. 21
and 22).

Hydraulic-head and water-chemistry data col-
lected from shallow and deep wells in the South
Fork Merced River valley indicate that upward ver-
tical flow from deep fractures is impeded. This
restriction to upward vertical flow may prevent the
deep, pressurized ground-water-flow system from
discharging to the South Fork Merced River in the
Wawona area. Using discharge and specific con-
ductance data collected during a gain-and-loss study
on June 17, 1992, at sites C and D and at all tribu-
taries to the intervening reach, mass balance indi-
cates that water discharging to the South Fork

Merced River in the area between sites C and D on
figure 20 has a specific conductance of about

18 pS/cm (table 4). This value is similar to the
values measured at sites A, B, and C, which had a
specific conductance of 18, 18, and 22 uS/cm,
respectively (table 4), but is not representative of
ground water in the shallow or deep wells, which
had values for specific conductance ranging from
64 to 207 and 369 to 2,350 pS/cm, respectively
(table 2). Gains in flow between sites C and D
downstream of the State Route 41 bridge probably
resulted because of reemerging streamflow that
infiltrated the alluvium in the riverbeds of losing
reaches (between sites A and C, fig. 20) and
probably was not ground water that discharged from
fractured rocks beneath the valley floor.
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Figure 23. Relation between hydraulic head in shallow and deep wells in the losing
reach of the South Fork Merced River (between sites A and B, figure 20) during the
gain-and-loss study on August 5, 1992, Yosemite National Park, California. (Note:
The hydraulic head for all wells is the composite head for fractures between land
surface and the bottom of the wells. Hydraulic head in test hole 2 represents the
shallow ground-water-flow system. It was measured by installing a hydraulic packer
in the borehole 230 feet below land surface so that high hydraulic head (about 140

feet above land surface) in the deeper fractures would not influence the
measurement.)
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Table 4. Streamflow and specific conductance data used to calculate discharge and specific conductance of
unmeasured inflow to the South Fork Merced River between streamflow reporting sites C and D near Wawona,

Yosemite National Park, California

[ft*/s, cubic foot per second; uS/cm, microsiemen per centimeter at 25 degrees Celsius]

Streamflow Inflow to South Fork Discharge Specific conductance
reporting Merced River between Q S)
site sites C and D (ft¥/s) (uS/cm)
D 37.4 28
Big Creek 4.88 68
Rush Creek 1.51 28
C 28.9 22
unmeasured inflow 2.1 218
B 18
A 18

ICalculated by:

Qunmeasuredin £l ow= Qd - QBi gCr - QRushCr_ Qc ¢

Calculated by:

S -

(0S) 5= (08) .= (Q5) p1ger™ (QS) rusner

unmeasuredinflow

GROUND WATER IN THE BILEDO
MEADOW AREA

Geomorphology and Hydrogeologic
Framework

The Biledo Meadow area is outside of Yosem-
ite National Park in the Sierra National Forest.
Most Sierran meadows form when grasses and other
flora become established in sediment-filled lakes in
small closed basins. Flora in these meadows are
sustained by water in the pore spaces of sediments
recharged seasonally by precipitation and flow of
streams into meadow basins.

Qunmeasuredinflow

Biledo Meadow is atypical of most Sierran
meadows because it is not a closed basin. It slopes
about 0.13 ft/ft (700 ft/mi) to the south. The grass-
es, mosses, wild flowers, and other flora of Biledo
Meadow and the springs in the area are sustained
by a different, and unusual, hydrogeologic system.

The source of ground water in the Biledo
Meadow area is precipitation, primarily melting
snow and ice, that infiltrates the talus slopes, col-
luvium, and fractured rocks on the south side of
Mount Raymond upslope from the meadow (fig.
24). Tahoe Till underlies Biledo Meadow and the
surrounding area. Because the permeability of till
usually is low, the Tahoe Till may contribute in
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Figure 24. Conceptual model of ground-water flow in the Biledo Meadow area, Sierra National Forest, California.

confining ground water in the fractured rocks
beneath the till by plugging fractures at the contact
between till and bedrock. Three springs and
numerous seeps discharge ground water through the
till (figs. 24 and 25). Photographs of the exca-
vations of the cisterns at Biledo Spring on July 26,
1931 (figs. 26 and 27), show spring flow emerging
between boulders and cobbles in the Tahoe Till.
Bryan and Taylor (1922) evaluated springs and
seeps between Biledo Meadow and Mariposa Grove
as sources of water for visitors’ facilities at Mari-
posa Grove. They reported that Biledo Meadow
springs 1 and 2 (fig. 25) "... rise from definite
openings among boulders 1 to 2 ft in diameter."
The springs probably are located at points where
ground water in fractures under a hydraulic head
higher than land surface exited fractures and piped
through the till. Having eroded the fine-grained till
material, a permeable pathway was established

through the remaining coarser grained material.

The aquifer supplying the springs in the Biledo
Meadow area appears limited to the area overlain
by Tahoe Till. Bryan and Taylor (1922) mapped
small springs and intermittent seeps (not shown on
any of the figures) outside the till-covered parts of
the Rainier Creek basin between Biledo Meadow
and Mariposa Grove. These springs and seeps,
visited during a reconnaissance on April 9, 1992,
discharge more dilute water (specific conductance
16 to 38 pS/cm) than the three springs in the mead-
ow area (specific conductance 165 to 187 pS/cm).
No springs were located in the Rainier Creek basin
downstream from the Tahoe Till. This could indi-
cate that ground water supplying the springs in the
Biledo Meadow area is contained primarily in frac-
tured metamorphic rocks that are not hydraulically
well connected to granitic rocks in the lower part of
the Rainier Creek basin (fig. 24).
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Figure 25. Location of springs and streamflow reporting sites in the Biledo Meadow

area, Sierra National Forest, California.

The baseflow of Rainier Creek is higher than in
nearby streams. Discharge comparisons between
basins of unequal size is normalized by dividing
stream discharge (in ft*/s) by drainage area (in mi®)
upstream of the discharge measurement point. For
this report, normalized baseflow is termed basin
yield. The yield of the Rainier Creek basin for the
area above site F on figure 25 generally was more
than an order of magnitude greater than the yield of
the adjoining basins—ILong Meadow Creek and
White Chief Branch—and the South Fork Merced
River at Wawona (table 5). The differences in
basin yield are attributable to ground-water dis-

charge from the unusual hydrogeologic environment
near the headwaters of Rainier Creek.

Spring Flow

Flow from springs in the Biledo Meadow area
was measured or estimated during gain-and-loss
studies on Rainier Creek between July 1991 and
October 1992 and intermittently at other times
during the study (fig. 284). Flow in the upper
cistern of Biledo Spring was estimated using a
culvert-rating method. (See appendix C for a more-
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Figure 28. A. Discharge of Biledo Spring and Biledo Meadow springs 1 and 2, Sierra National Forest, and
B. precipitation at the south entrance station at Yosemite National Park, California.

previously estimated highest flow by 15 percent and
seems to cast doubt on the theory of hydraulically
restricted fracture discharge. Precipitation during the
winter of 1992-93 (fig. 28B) was much higher than
precipitation during the previous 6 years, which
were drought years in California. Increased
recharge owing to increased precipitation may have
raised hydraulic head in the aquifer and thus
increased discharge of Biledo Spring. It is also
possible that water draining from the Tahoe Till
supplied some of the increased flow from the
spring. Available data are insufficient to determine
the relation between the timing and duration of
precipitation and the amount of recharge to the
spring and between hydraulic head in the aquifer
and discharge of the spring.

Discharge from Biledo Meadow spring 1 is
erratic. Early one morning in late July 1989 (prior
to this study), the spring was dry but by afternoon
the spring was flowing again (Larry Knapp,
Proprietor of the Pack Station, oral commun.,
1992). On April 9, 1992, even though snowmelt
was flowing into the streams and discharging from

marmot holes and seeps both upslope and down-
slope of Biledo Meadow, Biledo Meadow spring 1
was dry. On June 18, 1992, all three springs
flowed normally. On August 4, 1992, at 10 a.m.,
Biledo Meadow spring 1 again was dry. A small
fir seedling rooted in the loose sand and gravel at
the bottom of the spring indicated that Biledo
Meadow spring 1 probably had been dry long
enough for a seed to germinate and the seedling to
become established. By noon of that same day,
Biledo Meadow spring 1 again flowed normally.
On October 7, 1992, the spring was not flowing,
but water in the spring rose 0.3 ft in 10 minutes and
then declined 0.2 ft in a similar length of time.
Flow data for Biledo Meadow spring 2 are lim-
ited, but it appears that discharge from the spring is
more variable than discharge from Biledo Spring
(fig. 284). Flow from Biledo Meadow spring 2
paralleled the trend of slightly decreasing discharge
from Biledo Spring during the summer of 1992,
which followed the relatively dry winter of 1991/92.
The cause of erratic flow from Biledo Meadow
spring 1 is unknown nor is it known if similar
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phenomena have occurred at Biledo Spring or Bile-
do Meadow spring 2. The generally more variable
flow of Biledo Meadow springs 1 and 2 might be
related to differences in hydraulic head at fracture
discharge points. The altitude of Biledo Spring is
about 60 ft lower than Biledo Meadow spring 1 and
about 54 ft lower than Biledo Meadow spring 2. If
the fractures that supply the springs are part of a
hydraulically connected network, then the differ-
ence in altitude of the springs indicates that hy-
draulic head in fractures supplying Biledo Meadow
springs 1 and 2 is lower than hydraulic head in
fractures supplying Biledo Spring. Discharge of
ground water at the Biledo Meadow springs 1 and 2
might occur under laminar flow conditions and
might reflect changing head conditions in the aqui-
fer to a greater degree than discharge from Biledo
Spring.

Chemical Quality

Ground water discharging from Biledo Spring
and Biledo Meadow spring 1 is a dilute (specific
conductance 181 and 165 pS/cm, respectively,
September 5, 1991, table 2) calcium bicarbonate
water (fig. 13). Water from Rainier Creek, above
Biledo Springs near Fish Camp, is chemically simi-
lar to water discharging from the springs (fig. 13),
but more dilute (specific conductance 28 pS/cm,
September 5, 1991, table 2). The relatively small
proportion of dissolved sodium and the absence of
dissolved chloride indicate that the water from these
springs does not contain any of the saline compon-
ents detected in ground water from deep wells at
Wawona. Water from these springs may have
reacted primarily with metasedimentary or metavol-
canic rocks, and talus and till deposits composed of
these rocks, in the headwater area of Rainier Creek.

Stable isotope samples from the springs are
enriched in deuterium relative to oxygen-18 and are
shifted above the Santa Maria meteoric water line
(fig. 16) on which data from most ground water
sampled in the Wawona area lie. The stable iso-
topic composition of water from the springs reflects
the isotopic shift often observed with snowmelt-
derived recharge (Carol Kendall, U.S. Geological
Survey, oral commun., 1994). Ground water near
Biledo Meadow probably is recharged when snow-
melt infiltrates the talus and fractured rocks up-
stream of the Tahoe Till.

The tritium concentrations in samples collected
in September 1991 were 12.4 and 9.1 TU for Bile-
do Spring and Biledo Meadow spring 1, respectiv-
ely (table 3). These concentrations indicate that
ground water from the springs originated as re-
charge after the early 1950°s but not during the
mid-1960’s when atmospheric concentrations of
tritium peaked (fig. 15).

Table 6. Dissolved *?radon in ground water in the
Wawona area, Yosemite National Park and Sierra
National Forest, California, 1992

[TH1, test hole 1; TH2, test hole 2. pC/L, picoCuries per
liter]

State well Dissolved
No., test Date of 22radon,
hole, or sampling total

spring (pC/L)

4S/21E- 35C1 7-27-92 7,300

35C8 7-30-92 8,800

35C13 7-30-92 5,500

35E17 8-06-92 4,100

35F1 7-30-92 6,500

35G1 7-28-92 2,200

35G2 7-28-92 2,200

35H1 8-04-92 12,000

35H9 8-04-92 2,500

35M1 8-04-92 3,600

35P4 8-03-92 4,900

35R1 7-28-92 5,100

36M1 7-28-92 4,500

TH1! 11-30-92 1,400

TH?2? 11-30-92 2,500

Biledo Spring® 7-29-92 420
Biledo Meadow

Spring 14 7-29-92 490
Biledo Meadow

Spring 2° 7-29-92 370

IState Well No. 4S/21E-35R1.
State Well No. 4S/21E-35J2.
3State Spring No. 55/22E-16AS1.
“State Spring No. 5S/22E-16BS1.
SState Spring No. 5S/22E-16BS2.

Water samples from Biledo Spring and Biledo
Meadow spring 1 met drinking-water standards for
inorganic constituents established by the U.S.
Environmental Protection Agency and by the State
of California (State of California, 1993). Data for
inorganic constituents in water from both springs
are published in Johnson and others (1991).

The concentrations of dissolved **radon in
Biledo Spring, Biledo Meadow spring 1, and Biledo
Meadow spring 2, sampled on July 29, 1992, were
420, 490, and 370 pC/L, respectively (table 6).
These concentrations were much lower than the
concentrations from well water at Wawona (median
concentration 4,300 pC/L) and slightly exceeded the
U.S. Environmental Protection Agency’s proposed
mean concentration level of 300 pC/L (State of
California, 1993). Generally, the uranium content
of metavolcanic rocks is lower than that of meta-
sedimentary rocks, which in turn is lower than that

Ground Water in the Biledo Meadow Area 47



[+
z E A.
i § 150 | 1 I 4 - 1 1 V I _._l 1 ¥ -+ I I LI I Ll 1 l 1 1 § i l
gz | c F G W
= o !
O 100 :' .
ae |
32 _f
SE 50 | A A STREAMFLOW REPORTING sami gggeelﬂc
T w 3 - See figure 25 1or locaﬁon
&2 i
§ 8 0 1 I L 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 ] 1 ] l
@ g 0 0.5 1.0 1.5 20 2.1
B DISTANCE DOWNSTREAM FROM MOST UPSTREAM SITE, IN MILES
3 I R L L L L L L L e e e e
25 | J
Q L <
=
8 3 L
o [ Inflow from springs and 1
P [ seeps In Blledo Meadow H ]
§o2r A B
5 E *~— 6 e 1
e /\ ----------------- ]
o [ D .
[==)
B O owtom | BT T e ]
E-. L B“edo spﬂng ---------------------------- ]
[* %) L A g
(] 2
o 3 E
<< 1k
I -
(&7
2 |
e NOTE: July 31, 1991, outflows from Biledo Meadow were not measured
0'5 L. Y o 7
. A ............................. e evrvrerernnraraserensnianssararsnsesssinoastioaitisuitiouatisessitnisastnitintaaiersees a
0 ?‘ | ] 1 | 1 | ! ] ! { 1 | ] | 1 | 1 | ! Iﬁ‘.
0 02 04 06 08 1 1.2 14 16 1.8 2
DISTANCE DOWNSTREAM FROM MOST UPSTREAM SITE, IN MILES
EXPLANATION
STREAMFLOW UNMEASURED GAINS
O ----- July 31, 1991 ¢ = June 18, 1992
O = June 18, 1992 @ e August 4, 1992
O e August 4, 1992 & ——--— Qctober 7, 1992

A —...— QOctober 7, 1992

Figure 29. Specific conductance A. and discharge B. at streamflow reporting sites during the gain-and-loss studies
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of granitic rocks in the Mount Raymond area Relation to Flow in Rainier Creek
(Sutley and others, 1983). The relatively low
concentrations of dissolved “?radon probably reflect Springs and seeps discharging through the

small amounts of uranium/thorium series minerals Tahoe Till provide Rainier Creek with an unusually
in the metamorphic rocks that store most of the high baseflow. Most of the gains in flow in Rainier
ground water discharged at the springs. Creek occur in the area between sites A and F

No Giardia was detected in a sample taken shown on figure 29B where the Tahoe Till mantles
from Biledo Spring on July 29, 1992. fractured granitic, metasedimentary, and meta-
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morphic rocks. Streamflow and spring discharge
measurements made during gain-and-loss studies on
Rainier Creek are published in Mullen and others
(1993). Streamflow in the creek increases in a
stepwise fashion where outflow from Biledo Spring
and small tributaries receiving discharge from
Biledo Meadow springs 1 and 2 join the creek (fig.
29B). The uniform increase in streamflow at site C
during each gain-and-loss study is due to the nearly
constant discharge of Biledo Spring (0.56 ft¥/s, fig.
28). The variable increase in streamflow at site E
is due to the varying discharge of Biledo Meadow
spring 1.

Rainier Creek comes in contact with bedrock
and colluvium between sites F and G on figure 25.
During the dry season, the creek loses between 5
and 10 percent (0.09 to 0.17 ft*/s, fig. 29) of its
flow to the ground-water system in this reach.

The gradual increase in flow of Rainier Creek
is caused by ground-water discharge from small
unmeasured seeps (fig. 29). When flow from point
sources, such as springs and spring-fed tributaries,
is subtracted from streamflow, the amount of seep-
age directly to Rainier Creek (diffuse seepage) can
be seen (lower plot, fig. 29B). Most diffuse seep-
age to Rainier Creek is between sites A and F and
is a much smaller component of the streamflow
than measured spring discharge. This can be seen
by comparing unmeasured flow gains in Rainier
Creek to total streamflow for the same date (fig.
29B).

Specific conductance in Rainier Creek on June
18, 1992, increased dramatically between sites A
and C (26 and 134 uS/cm, respectively) and re-
mained within 5 percent of 134 puS/cm between
sites C and H (fig. 294). The increase in specific
conductance coincided with increased streamflow
and provides further evidence that the streamflow
increases in this reach primarily are due to dis-
charge of ground water containing higher concen-
trations of dissolved solids than surface water.

Ground-water discharge from springs and seeps
in the Biledo Meadow area to Rainier Creek
(between sites A and F on figure 25) was calculated
during four gain-and-loss studies (table 7). These
studies were not done during winter or spring when
ground-water discharge may have been higher. If
we assume that ground-water discharges at a
constant rate of about 1.60 ft*/s between sites A and
F, total outflow from the ground-water system
above site F would be about 50 million ft’/yr. This
is the equivalent of about 19 in. of recharge per
year from precipitation to the Rainier Creek basin
aquifer upstream of site F. The recharge area for
this aquifer is the part of the drainage area above
site F that is not covered by Tahoe Till (figs. 2 and
25). Recharge was calculated by distributing
ground-water discharge (50 million ft*/yr) over the

Table 7. Total ground-water discharge from springs
and seeps in the Biledo Meadow area to Rainier
Creek, Sierra National Forest, California

[ft¥/s, cubic foot per second]

Discharge
Date (£615)
7-31-91 1.60
6-18-92 1.60
8-04-92 1.46
10-07-92 1.29

1.17-mi?® recharge area. Total annual discharge
from Biledo Spring is equivalent to about 7 in. of
precipitation over the 1.17-mi® recharge area.

The above calculations do not imply that only
19 in. of recharge from precipitation are needed to
sustain the average ground-water discharge of
1.60 ft’/s to Rainier Creek or that only 7 in. of
recharge from precipitation is needed to maintain
flow from Biledo Spring. If precipitation is inad-
equate to sustain other basin outflows, such as
sublimation of snow and ice, surface-water outflow,
evapotranspiration, and ground-water underflow (if
it occurs), ground-water discharge to Rainier Creek
may decrease.

The flow constancy of Biledo Spring during the
dry season of 1992, the sixth year of lower-than-
normal precipitation, indicates that recharge during
relatively dry years is adequate to sustain flow of
the spring and probably other outflows from the
ground-water system. It is likely that infiltrating
snowmelt fills the available storage space in the
aquifer early during snowmelt. Once storage space
in the aquifer has been filled, the remaining melt
water leaves the basin as streamflow. Because flow
from Biledo Spring has been measured or estimated
only intermittently, the flow characteristics of the
spring cannot completely be evaluated until several
years of continuous flow data have been compiled.

WATER-SUPPLY ALTERNATIVES FOR
WAWONA

South Fork Merced River

The South Fork Merced River probably will
continue to have very low flows in the summer and
autumn. Unfortunately, the period of low stream-
flow coincides with increased demand for water
owing to the seasonal increases in the number of
employees, park visitors, and irrigation use.

Streamflow data for the South Fork Merced
River at Wawona were collected continuously from
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Figure 30. Mean daily discharge of the South Fork Merced River at Wawona, Yosemite National Park, California,

October 1, 1958, to September 30, 1968.

October 1, 1958, through September 30, 1968.
Mean daily discharge for this period is shown in
(fig. 30). A graph showing streamflow frequency
(fig. 31) for mean daily discharge for this period
indicates that flows of less than 9 ft*/s can be
expected 30 percent of the time and flows of less
than 2.3 ft*/s can be expected about 10 percent of
the time.

A graph showing streamflow frequency for
August, September, and October, when flows are
lowest, indicates that mean daily discharge of less
than 10 ft*/s during late summer and early autumn
can be expected about 75 percent of the time (fig.
32). Flows of less 2 ft¥/s can be expected about
25 percent of the time.

Streamflow-frequency graphs for the South
Fork Merced River (figs. 31 and 32) may not be
appropriate for current water-resource planning
purposes. Droughts during 1976-77 and 1987-92
are not represented by the data in these streamflow-
frequency graphs; however, streamflow from 1958
to 1968 generally was lower than the long-term
average (fig. 33). During 6 of 10 years represented

by the streamflow-frequency graphs, mean annual
flow of many Sierran streams was below mean
discharge for the 1961-90 period, as indicated by
the streamflow data for the Merced River at Pohono
Bridge, an unregulated river with a long-term record
for streamflow (fig. 33).

Flow in the South Fork Merced River during
late summer and autumn is dependent on the timing
of precipitation. Heavy spring snowfall and cold
weather can significantly delay runoff and sustain
flow in the South Fork Merced River during late
summer. Below normal precipitation and an early
thaw would have the opposite effect.

During winter and spring, very high flow can
occur on the South Fork Merced River. Diversion,
treatment, and storage of water from the South Fork
Merced River during high-flow periods could allevi-
ate stress on the aquatic environment by reducing
dry season diversions. Between 1958 and 1968,
streamflow exceeded 100 ft*/s about 35 percent of
the time (fig. 31). Assuming that a person requires
100 gal/d, if 1.42 ft/s of water was diverted from
the South Fork Merced River for 1 day during the
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spring, the river could provide enough water to
supply 100 people during August, September, and
October. The South Fork Merced River could
provide this amount of water if a 1-million gallon
tank were available for storage.

Ground Water in the South Fork Merced
River Valley

Ground water from fractured granitic rocks in
the South Fork Merced River valley would not be
the most reliable source of good quality water for
future water needs in Wawona. However, this
source could be used to augment other sources of
water. Approximately 100 wells in Wawona cur-
rently supply about 265 private residences, a store,
and children’s camp.

To meet the water-supply demands in Wawona,
wells would need to produce a continuous flow of 7
gal/min to supply 100 people, assuming that each
person uses 100 gal/d. Short-term pumping tests on
42 domestic wells in Wawona indicate that the
median yield of wells is less than 5 gal/min.
Investigations by Swanson (1979) and Schmidt
(1977; consultant, written commun., 1994) indicate
that well yields estimated from short-term pumping
tests are not reliable for long-term production and
that continuously pumped production wells probably
will experience drastic decreases in yield during the
dry season. Median yield of wells in Wawona
probably would decrease to substantially less than 5
gal/min if pumped continuously.

In Wawona, it has been difficult to use standard
geologic techniques to select sites for highly pro-
ductive wells. Seismic refraction techniques were
unsuccessful in locating high-yielding wells during
a study by Franks (consultant, written commun.,
1983). Fracture-trace mapping for well location pur-
poses is difficult because fractures are not visible
beneath alluvium, till, and soils that overlie the
fractured granitic rocks at Wawona. Additionally,
high-yielding wells do not seem to be located near
the few fracture traces that could be mapped in the
valley floor.

A comparison of short-term well yield and well
depth indicates that many high-yielding wells are
shallow (fig. 19). The high yield of the shallow
wells indicates that the wells encountered open
fractures near land surface. Wells that did not
intersect open fractures near land surface were
drilled deeper to provide the well with cisternlike
storage for ground water flowing through deeper,
lower yielding fractures. California water-well
standards, enforced by the Mariposa County Health

Department, require community water-supply wells
to be constructed with a grouted annular seal that
extends from land surface to at least 50 ft below
land surface. Domestic wells, such as the wells
used to provide most of the well-yield data for this
study, are required to have a grouted annular seal of
at least 20 ft. The deeper grouted annular seal
required for community supply wells would seal the
wells from shallow fractures that may be open and
transmissive.

Ground water from deep flowing wells (with
depths deeper than 350 ft and located on the valley
floor) contains sodium and chloride as the dominant
dissolved species. Dissolved solids increased by
more than 50 percent in water flowing from the two
deep test wells drilled in the valley floor. After a
5-month flow test, the discharge rate of water flow-
ing from TH2 dropped from 90 to about 25
gal/min. At the same time, specific conductance
increased from about 350 uS/cm to probably more
than 600 uS/cm (June 1993 measurement, fig. 34).
Prior to drilling TH2, hydraulic head in the deep
pressurized fractures was about 150 ft above land
surface. Hydraulic head in this test hole was esti-
mated from well-head pressures at nearby private
wells that were constructed similarly to TH2.
Hydraulic head at TH2 and at nearby deep wells
was less than 20 ft above land surface at the end of
the flow test. The decrease in hydraulic head dur-
ing the 5-month flow test apparently allowed deep-
er, more saline water to migrate upward and
become a larger proportion of well discharge.
Installation of pneumatic packers in January 1992
and a permanent grouted seal 230 ft below land
surface in July 1993, allowed the hydraulic head to
increase and presumably began to force the more-
mineralized ground water to greater depths as indi-
cated by the lower specific conductance on October
26, 1993 (fig. 34). Flow from TH1 during this same
period dropped from 30 to 0 gal/min and specific
conductance increased from 1,520 to 2,350 pS/cm
(table 2). The chemical content of ground water
from early and late in the flow test periods for both
test wells is shown in figure 13 and table 2.

Additional development of ground water in the
South Fork Merced River valley could result in
degradation in the quality of ground water in deep
fractures and allow saline water to flow up well-
bores and mix with shallow freshwater. The use of
deep wells during the summer and autumn dry
seasons when hydraulic heads in shallow fractures
are at their seasonal lows could exacerbate the
water-quality problem.

All well waters sampled in the South Fork
Merced River valley greatly exceeded the U.S.
Environmental Protection Agency’s recommended
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mean concentration for dissolved **?radon (median
value 4,300 pC/L) (State of California, 1993). The
high levels of dissolved **?radon reflect the presence
of uranium/thorium series minerals in granitic rocks
in the underlying aquifer. Radon is a carcinogen
that can be removed from water by aeration or acti-
vated carbon filtration units. Construction of aera-
tion units or other facilities would be necessary if
this ground-water source is developed.

Ground water in some wells in the South Fork
Merced River valley exceeds the secondary
drinking-water standards for dissolved iron (0.3
mg/L) (State of California, 1993). One well had a
very noticeable iron-bacteria problem. Other wells
do not exceed secondary drinking-water standards,
but do have relatively high concentrations of dis-
solved iron and manganese. Dissolved iron and
manganese usually do not cause health problems;
however, they do cause taste and aesthetic prob-
lems, and therefore the water possibly would have
to be treated to remove these substances.

Finally, significant increases in ground-water
pumping in the South Fork Merced River valley
could divert water that otherwise would discharge
into the South Fork Merced River. Streamflow
gains and losses measured on this river during the
dry season never exceeded the measurement error
for each of the methods used. However, gain-and-
loss studies indicate that the South Fork Merced
River generally loses flow between the diversion
dam upstream of Wawona and the State Route 41
bridge at Wawona and then appears to gain flow
downstream of the State Route 41 bridge. Part of
this downstream gain probably comes from shallow
ground water or soil water discharging into the
tributaries. During the gain-and-loss studies, water
was flowing in upstream reaches of some tribu-
taries, but these reaches were dry where they joined
the South Fork Merced River. Water from the
tributaries may infiltrate the coarse alluvium of the
South Fork Merced River valley and then reemerge
downstream of the State Route 41 bridge. Pumping
of wells could divert water that otherwise would
join the river.

Interaction between streamflow and ground
water has been examined only synoptically. The
amount of ground water diverted from the South
Fork Merced River by existing wells in Wawona is
a small part of the water budget for this river basin.
Additional wells could result in ground water being
diverted from its normal flow paths and from cur-
rent discharge locations at other wells, streams,
springs or seeps, and vegetation. The effects of
additional pumping cannot be predicted without
significantly more information on the properties,
boundaries, and water budgets of aquifers in the
valley.

Biledo Spring

Biledo Spring represents the most probable
source of reliable, good-quality water for Wawona.
The rate of discharge from this spring, measured
intermittently during the summers of 1991 and
1992, was nearly constant at about 250 gal/min
(0.56 ft¥/s, fig. 28). The source of water for the
spring is primarily high-altitude snowmelt. Annual
discharge from Biledo Spring is equivalent to about
7 in. of precipitation in the recharge area of the
aquifer in the Biledo Meadow area. Annual dis-
charge of ground water to Rainier Creek in the
Biledo Meadow area is equivalent to about 19 in. of
precipitation in the recharge area of the aquifer in
that area. Because average precipitation in the
Biledo Spring area is between 50 and 60 in. per
year (Rantz, 1969), the fracture system supplying
water to the springs and seeps probably is fully
recharged each year. The water is dilute (specific
conductance, 181 pS/cm) and contains no trace
elements in concentrations that exceed primary
drinking-water standards (State of California, 1993).
On July 29, 1992, the concentration of dissolved
2radon at Biledo Spring was 420 pC/L (table 6),
which was much lower than the concentration in
ground water in the granitic rocks of the South Fork
Merced River valley at Wawona, which had a
median value of 4,500 pC/L. No Giardia was
detected in a sample taken on July 29, 1992.

If Biledo Spring is used as an alternate source
of water supply for Wawona, the flow of Rainier
Creek will be reduced by an amount equivalent to
the diversion. This diversion, however, is not
expected to drastically affect Rainier Creek because
the combined discharge from other springs and
seeps in the Biledo Meadow area exceeds flow from
Biledo Spring.

Discharge has not been measured continuously
for any of the springs in the Biledo Meadow area.
Biledo Meadow spring 1 has been observed to
fluctuate cyclically and occasionally to go dry.
Intermittent flow from Biledo Meadow spring 1
raises concerns about the flow constancy of Biledo
Spring. Before the long-term reliability of Biledo
Spring as a source of supply can be assessed, spring
discharge data would need to be collected over
several years. No data are available on the tempo-
ral variability of water quality in Biledo Spring. To
assess long-term water-quality variability, it could
be resampled for several years for chemical and
isotopic constituents. If Biledo Spring were sam-
pled for clorofluorocarbons and dissolved gases
several times a year for many years, data from the
sampling could be used to determine the retention
time of water in the aquifer and to provide infor-
mation on the hydraulic characteristics of the
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Figure 35. Mean daily discharge diverted from Big Creek by the Madera Irrigation
District (station no. 11267350), Sierra National Forest, California, 1987-93.

aquifer. This information would help planners
assess the long-term reliability of Biledo Spring as a
source of water for Wawona.

Biledo Spring supplies water to Mariposa
Grove and the south entrance station of Yosemite
National Park through a pipeline constructed in
1932. Water from Biledo Spring could be brought
to Wawona by laying about 4 mi of pipeline along
State Route 41 between the south entrance station
and Wawona or by diverting Biledo Spring water
from Big Creek near the confluence with the South
Fork Merced River. With appropriate regulatory
approval, water diverted near the mouth of Big
Creek could be substituted for water withdrawn
from Biledo Spring. Diverting water from Big
Creek would not disturb the ecosystem of the
Rainier Creek or Big Creek basins; however, it
would reduce flow of the South Fork Merced River

by an amount equal to the water diverted. This
water could be treated at existing facilities in
Wawona prior to distribution by the National Park
Service water system.

Several public and private entities have appro-
priative rights to water in Big Creek. The Madera
Irrigation District diverts water from Big Creek
downstream of the mouth of Rainier Creek near
Fish Camp, which is south of the study area. The
mean daily discharge of the diversion by the
Madera Irrigation District is shown on figure 35.
The diversions, which are used to fill downstream
reservoirs, occur primarily during the high-runoff
period between April and June. Water-rights issues
involved in substituting a diversion from Big Creek
for a diversion from Biledo Spring have not been
investigated.
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SUMMARY

Wawona, near the south entrance station in
Yosemite National Park, is one of several potential
relocation sites for park administrative facilities and
concessionaire and employee housing. The source
of water for the National Park Service water distri-
bution system at Wawona is the South Fork Merced
River. The river, however, does not adequately
meet the water-supply needs of existing facilities in
Wawona during late summer and autumn. Because
of the limited water supply from the river, most
private residences in Wawona are supplied by
ground water from private wells. Three potential
sources of water for future water-supply needs in
the Wawona area are (1) the South Fork Merced
River, (2) the fractured granitic rocks beneath
Wawona, and (3) Biledo Spring near the headwaters
of Rainier Creek in the Sierra National Forest.
Unconsolidated deposits of alluvium and glacial till
at Wawona contain little useable water.

The South Fork Merced River, the current
source of water for the National Park Service water
system, is dilute and of good quality. A modern
water-treatment plant provides filtered, chlorinated
water to the park’s water system. Flow in the river
is dependent on the amount and timing of precipi-
tation in the river basin and on the temperature at
higher elevations where the snowpack accumulates.
Although the river does not adequately meet water-
supply needs of existing facilities at Wawona
during late summer and autumn, the river could be
relied on to produce additional water if facilities
were constructed to divert and store water during
high-flow periods for use later in the year.

Ground-water flow in the fractured granitic
rocks beneath Wawona is partly controlled by pres-
sures within the earth (in situ stress) that can
squeeze fractures closed or allow them to be open
and permeable. The relation between in situ stress
and the orientation of fractures in the two test holes
drilled for the study indicates that fractures within a
few hundred feet of land surface in the valley floor
may be poorly connected to fractures deeper
beneath the valley. As a result, ground water is
segregated vertically into a local, shallow flow
system and a deeper flow system with undetermined
boundaries.

Ground water in the local, shallow flow system
probably does not circulate deeper than about 250 ft
below land surface. Ground water in shallow frac-
tured rocks flows from adjacent hillsides toward the
valley, although the South Fork Merced River at
Wawona does not gain appreciable flow from the
ground-water-flow system during the dry season.
Yields of shallow wells range from about 0.1
gal/min to 19 gal/min (median yield S gal/min).
Shallow ground water is a dilute, calcium sodium

bicarbonate water that results from chemical weath-
ering of minerals in granitic rocks. The chemical
quality of shallow ground water generally is good,
but concentrations of dissolved iron and manganese
do cause aesthetic problems, such as stainin§ of
kitchen and bathroom fixtures. Dissolved **radon,
a naturally occurring gas, greatly exceeded the pro-
posed primary drinking-water standard of 300 pC/L.
Dissolved “*radon, which damages lung tissue, is
carcinogenic. Tritium concentrations indicate that
shallow ground water originated as precipitation
probably after the testing of atmospheric nuclear
devices stopped in the 1960’s.

The deep flowing wells and two test holes
drilled in the valley floor intersect deep fractures
containing ground water under hydraulic head as
high as 160 ft above land surface. When first
constructed, the deep wells flowed at rates as high
as 100 gal/min. Ground water from these wells is a
sodium calcium chloride water and is more mineral-
ized than ground water from the shallow wells.

The source of chloride and associated cations in
water from these wells could be from upward
leakage of deep saline water of unknown origin or
from leaching of saline-fluid inclusions in the
granitic rocks by ground water. Water flowing
from the deepest well in the valley floor, TH1,
exceeds the secondary maximum contaminant level
for dissolved solids. Dissolved *?radon concentra-
tions exceed the proposed primary drinking-water
standard of 300 pC/L. The absence of tritium
indicates that recharge of ground water in the deep
fractures occurred prior to the start of atmospheric
nuclear testing in the 1950’s. Stable-isotope data
indicate that the water may have originated as
precipitation during a climatically cooler period
thousands of years ago or as precipitation between
1,400 and 3,700 ft higher in altitude than precipi-
tation that recharged the shallow flow system. The
deep wells allow the chloride-dominated, deep
ground water to flow up wellbores and invade
shallow fractures.

Currently, about 100 privately owned wells
drilled in the fractured granitic rocks supply water
to Wawona residents. Additional ground water
could be developed from the shallow and deep flow
systems, but other sources of water would probably
be more reliable. Traditional methods (fracture-
trace mapping and seismic geophysics) of locating
sites that would produce high-yielding wells have
not been successful at Wawona. High-yielding
wells are not common in this area. Well yields,
estimated from short-term pumping tests in non-
flowing wells, are low (median yield about 5
gal/min) and probably would not be sustained
during long-term pumping. Short-term yield should
not be relied on for planning purposes. Developing
water from deep flowing wells may be even less
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reliable. During long-term flow tests, discharge
dropped from 90 to 25 gal/min and from 30 to 0
gal/min at TH2 and TH1, respectively. At both test
holes, decreases in flow rates were coincident with
increases of greater than 50 percent in dissolved-
solids concentrations. Ground water would need to
be treated to remove dissolved **radon.

Data collected during this study indicate that
Biledo Spring could produce a reliable supply of
good-quality ground water. The spring discharges
from a glacial till overlying fractured metamorphic
and granitic rocks. Flow from Biledo Spring was
nearly constant at about 250 gal/min. The spring
flow is a dilute, calcium bicarbonate water re-
charged primarily from melting snow and ice. The
concentration of dissolved **radon in a sample from
the spring was 420 pC/L—just exceeding the U.S.
Environmental Protection Agency recommended
maximum contaminant level of 300 pC/L and
considerably less than the concentration in ground
water in the South Fork Merced River valley. No
Giardia was found in a water sample collected in
July 1992. Ground-water discharge from other
springs and seeps in the Biledo Meadow area
exceeds that of Biledo Spring and provides substan-
tial flow for Rainier Creek. Biledo Meadow spring
1 exhibited marked variability in flow and occasion-
ally went dry. Continuous monitoring of the flow
of Biledo Spring and sampling for chemical and
isotopic analyses would be needed for several years
before the long-term variability in flow and quality
could be assessed. These data then could be used
to determine the relation between precipitation,
recharge timing and amounts, residence time of
water in the flow system, and the variation of
chemical quality in order to evaluate the adequacy
of the spring as a long-term source of water supply.

Biledo Spring probably represents the most
reliable source of good-quality water for future
water-supply needs at Wawona. Ground water also
could be obtained from many of the low-yielding
wells in the shallow fractured rocks at Wawona.
However, ground water in the deeper flow system
probably could be used only on a short-term or
emergency basis. The South Fork Merced River
could be used for additional water supply, but this
source of water would be reliable only during
winter and spring when streamflows are high.
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Appendix A

Geophysical logs of test holes and wells and
acoustic televiewer logs of test holes.
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Appendix B

Hydrographs of water levels in selected observation wells.
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Appendix C
Method used to estimate discharge of Biledo Spring

Flow of Biledo Spring was estimated by applying a culvert-discharge formula to water depth (head) above
the bottom of the 8-in. diameter outflow pipe (pipe invert) in the upper spring cistern. Head above the pipe
invert was calculated from the depth to the water surface measured from a reference point on the access man-
hole in the cistern roof (distance A). The relation between discharge and head above the pipe invert is shown
in the discharge table. To use the discharge table, calculate the head above the pipe invert in feet (head =
3.64 ft - A) and then find the discharge at the intersection of the appropriate row indicated by tenths of foot of
head in the first column and appropriate column indicated by the hundredths of foot of head in the first row of
the table. For example, if the head above the pipe invert is 0.47 ft, discharge is found at the intersection of
the row labeled 0.40 and column labeled 0.07 (discharge is 0.509 ft¥/s).

Manhole Reference point Land surface EAST
cover Reinforced
\ /—concrete roof
B} R AL . 7 T Tt Te ,7‘::_’:_7*"—'
Rubble I
masonry = |A
I '
~
—_
WEST }— 1 Cobbles
Water surface -
3 fHead | 5 Ground-water inflow
\ Pipe invert \ \/I e
[ft, foot; ft¥/s, cubic feet per second]
Head above Discharge
pipe invert (fs)

(tt) 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.00 .000 .001 .003 .004 .005 .007 .011 .015 .019 .023
.10 .027 .033 .040 .046 .053 .059 .068 077 .085 .094
20 103 114 125 136 147 .158 A7 .184 197 210
30 223 238 253 267 282 297 314 330 347 363
40 380 398 417 435 454 472 491 509 528 546
.50 565 583 .601 .620 .638 656 674 692 g11 729
.60 147 766 785 804 823 842 862 .881 900 919
70 938 956 975 993 1.012 1.030 1.049 1.067 1.086 1.104

80 1123 1139 1154 1170 1186 1201 1217 1233 1249  1.264

.90 1.280 1.295 1.311 1.326 1.341 1.356 1.372 1.387 1.402 1:418
1.00 1.433
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