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QUANTITY AND QUALITY OF GROUND-WATER INFLOW TO THE 

SAN JOAQUIN RIVER, CALIFORNIA

B/Steven P. Phillips, Sherrill Beard, ondRJ. Gilliom

Abstract

Concern over high concentrations of dissolved solids 
and trace elements in the San Joaquin River has focused 
attention on ground water as a potentially significant source 
of contamination. Two approaches were used to assess the 
quantity of ground-water inflow to a 19-mile reach of the 
San Joaquin River. The first approach was to develop 
cross-sectional ground-water-flow models using data col 
lected from observation wells installed at three sites along 
the reach. The average quantity of ground-water inflow 
simulated by the flow models was 2.0 cubic feet per second 
per mile.

The second approach was a surface-water-flow bal 
ance. During synoptic studies in 1986 and 1989, stream- 
flow and specific conductance were measured at the 
upstream and downstream ends of the 19-mile reach and at 
all known points of inflow and outflow along the reach. 
Residual inflow and salt load were attributed to ground 
water. The estimated ground-water inflow for the 1986 and 
1989 synoptic studies was 6.7 and 3.2 cubic feet per 
second per mile, respectively.

The quality of ground-water inflow was assessed 
through the synthesis of model results and measured 
ground-water chemistry and through salt-balance calcu 
lations from the results of synoptic studies. The average 
chemical composition of ground-water inflow estimated by 
combining results from the flow models and chemical 
analyses is 1,590 milligrams per liter for dissolved solids, 
1,321 micrograms per liter for boron, 0.9 microgram per 
liter for selenium, 6.6 micrograms per liter for molyb 
denum, and an average specific conductance of 2,230 
microsiemens per centimeter at 25 degrees Celsius. The 
average specific conductance of ground-water inflow was 
estimated from the salt balance to be 1,730 and 1,216 
microsiemens per centimeter at 25 degrees Celsius in 1986 
and 1989, respectively.

The dissolved-solids loads (specific conductance times 
flow) implied by the results of both approaches are within 
20 percent of each other, using the data from the 1989 
synoptic study. The results of the 1986 and 1989 
water-balance synoptic studies indicate that the quantity and

quality of ground-water inflow to the San Joaquin River 
can vary significantly with changes in hydrologic 
conditions.

INTRODUCTION

The San Joaquin River has high concentrations of 
dissolved solids, selenium, boron, and sometimes 
molybdenum (Kratzer and others, 1987). Concern 
that these or other contaminants may adversely affect 
water quality and use has focused attention on the 
sources of contamination. Ground water is a potential 
source of dissolved solids and trace elements to 
the San Joaquin River that has not been well 
characterized.

The U.S. Geological Survey, in cooperation with 
the California Department of Water Resources and the 
California State Water Resources Control Board, 
began a study in 1988 to assess the quantity and 
quality of ground-water inflow to the San Joaquin 
River. The specific objectives of the study were to 
test preliminary estimates of ground-water inflow and 
dissolved-solids contributions, enhance present knowl 
edge to include contributions of selected trace ele 
ments, and improve understanding of the processes 
that govern the quantity and quality of ground-water 
inflow to the San Joaquin River.

This report describes the results of the study and 
presents

(1) Descriptive analysis of the hydrogeologic 
characteristics of the ground-water-flow system 
adjacent to the river,

(2) Quantitative analysis of ground-water flow into 
the river using two-dimensional ground-water- 
flow models developed for three cross sections 
of the flow system;
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(3) Quantitative analysis of ground-water flow into 
the river by a water-balance approach using 
measured surface-water flows;

(4) Descriptive analysis of the chemistry and iso- 
topic composition of ground water adjacent to 
the river with implications of the age, origin, 
and quality of ground water in different parts 
of the flow system; and

(5) Comparative evaluation of independent assess 
ments of the quantity and quality of ground- 
water inflow to the San Joaquin River.

The study focused on a 19-mile reach of the lower 
San Joaquin River between Newman and Patterson 
(fig. 1). Data for hydrogeologic and geochemical 
characterization and for model analysis were collected 
at the upstream end, middle, and downstream end of 
the 19-mile reach. The water-balance approach based 
on measured streamflow was applied to the entire 
reach.

DESCRIPTION OF STUDY AREA

The San Joaquin Valley is bounded by the Coast 
Ranges to the west and the Sierra Nevada to the east. 
The axis of the valley is delineated by the San 
Joaquin River, which flows northward to the 
Sacramento-San Joaquin Delta. Important sources of 
water to the river are Sierra Nevada runoff, surface 
agricultural-return flows, tile-drain discharges, and 
ground water. The relative importance of each of 
these sources of flow varies seasonally with the 
semiarid climate of the valley and with irrigation 
cycles as agriculture is the dominant land use (Clifton 
and Gilliom, 1989).

The segment of the San Joaquin River studied in 
this report is a 19-mile reach in the northern San 
Joaquin Valley (fig. 1). Streamflow is perennial in 
the study reach and increases downstream as water 
from small tributaries, irrigation-return flows, and 
ground-water inflow enters the river. Streamflow was 
measured continuously during the study near 
Newman, Crows Landing, and Patterson, where the 
major eastbound roads from these towns cross the 
river. The Newman and Patterson study sites are at 
the upstream and downstream ends of the 19-mile 
reach, respectively, and the Crows Landing study site 
is near the midpoint of the reach.

PREVIOUS STUDIES

Previous studies indicated that ground-water inflow 
to the San Joaquin River is probably a small pro- 
portior of total riverflow but a substantial proportion 
of the river salt load. A regional-scale water-budget 
model was developed to simulate the water budget for 
a 60-mile reach of the river (Kratzer and others, 
1987; Rashmawi and others, 1989). The water-budget

121 "04'
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Figure 1. Location of study area and study sites.
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model includes a ground-water-flow model that was 
used to estimate ground-water inflow to the river. 
Ground-water inflow was estimated to contribute 3 to 
4 percent of the total flow in the river. Because of 
the high salinity of ground water, this relatively small 
quantity of water was estimated to contribute about 16 
percent of the dissolved solids. On the basis of 
streamflow data for October 1986, Clifton and 
Gilliom (1989) estimated that about 2 percent of San 
Joaquin River flow was from ground-water inflow to 
the 19-mile reach of river between the Merced River 
inflow and the town of Patterson (the middle third of 
the 60-mile reach of the river).

WELL CONSTRUCTION AND 
GEOLOGIC LOGGING

Ground-water observation wells were installed near 
the Newman, Crows Landing, and Patterson sites to 
measure water levels and to collect ground-water 
samples for chemical analyses near the San Joaquin 
River. Three clusters of observation wells were 
installed at each of the study sites-one cluster site 
within the river and one on each side of the river 
within 200 ft of the bank. Each cluster site consists 
of two or three wells completed at different depths. 
A total of 22 wells were installed at depths ranging 
from 5 to 107.5 ft below land surface.

For the purposes of this report, all wells were 
assigned an identifier consisting of two letters and a 
number (table 1). The first letter corresponds to the 
first letter in the name of the cluster site, which is 
named by the nearest town, and the second letter 
corresponds to the location with respect to the river: 
east of (E), west of (W), or within (R) the river. The 
number associated with the well identifier is the 
depth, in feet, from land surface to the midpoint of 
the screened interval or from the river bottom to the 
bottom of the wells within the river. For example, 
PW-11.5 is a well at the Patterson site on the west 
side of the river, and the midpoint of the well screen

is 11.5 feet below land surface. Figure 2 shows the 
locations and depths of the observation wells at each 
cluster site.

Two procedures were used to install and complete 
the wells for this project Wells on the riverbank 
(land wells) were drilled using a standard 6-inch 
flightf auger bit. These wells were cased with 2-inch 
diameter polyvinyl chloride (PVC) well casing and 
have a 5-foot screened interval 3 ft above the closed 
bottom of the casing. A natural sandpack was 
allowed to form to the top of the screened interval for 
wells completed within coarse-grained materials, and 
16x30 mesh sand was used for wells completed 
within fine-grained materials. The rest of the annulus 
was filled with bentonite grout to the land surface. 
All land wells are protected with a steel casing cover 
and kicking cap. Construction of a typical land well 
is shown in figure 3.

Wulls installed in the river (river wells) were jetted 
by hand using a high-pressure water jet. These wells 
are ciised with 2-inch diameter PVC well casing, 
except for the deep river well at the Patterson site, 
which^ is 1.5 in. in diameter. All river wells are 
open-ended with 1 ft of washed sand at the bottom of 
the casing. River wells at the Crows Landing and 
Patterson sites are secured to existing stream gaging 
equipment, and river wells at the Newman site are 
free-standing about 5 ft from the west bank.

Lithologic logs were compiled from onsite 
descriptions of drill cuttings and core samples and 
from observations recorded during drilling and jetting 
procedures. When possible, core samples were 
collected continuously during the drilling of the 
deepest well at each land site. When coarse-grained 
deposits made coring difficult, drill cuttings and noted 
observations, such as variations in drill speed, were 
used to complete the lithologic log. Lithologic logs 
of the wells jetted into the riverbed were based on 
observations noted during the jetting procedure and 
from several samples recovered from the jetwash.

4 Quantity and Quality of Ground-Water Inflow to the San Joaquin River, California



Table 1 . Cluster site names, location, and depth, and well identifiers and corresponding State well number

[Depth: Depth is in feet below land surface to the midpoint of the screened interval or from the river bottom to the bottom 
of the well within the river.  , no data]

Cluster site name Location

Newman (N) ................. West
West
West
River
River
East
East
East

Crows Landing (Q ............ West
West
West
River
River
East
East

Patterson (P) ................. West
West
West
River
River
East
East

Depth

14.5
47.5

107.5
7.0

20.0
14.5
35.5

107.5

12.8
18.2
97.7

5.0
20.0
19.5

107.5

11.5
22.5
89.0

5.0
30.7
9.5

98.3

Well 
identifier

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE- 107.5

CW-12.8
CW-18.2
CW-97.7
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

State 
well No.

007S009E04J05
007S009E04J06
007S009E04J07
007S009E04J03
007S009E04J04
007S009E03M01
007S009E03M02
007S009E03M03

007S009E07H03
006S009E07H02
006S009E07H01
006S009E07A03
006S009E07A04
006S009E07A01
006S009E07A02

005S008E15M07
005S008E15M06
005S008E15M05
005S008E15M04
005S008E15M03
005S008E15M01
005S008E15M02

Drill cuttings and core samples were described by 
texture, color, and other significant features. Texture 
descriptions were based on the National Research 
Council grain-size classification (National Research 
Council, 1947). The color of dry samples was 
recorded using numerical color designations from the

Munsell Soil Color Charts (Munsell Color, 1975). 
Other characteristics of drill cuttings and core samples 
were determined using Compton's field manual 
(Compton, 1985) and American Geological Institute 
data sheets (Dietrich and others, 1982).

Well Construction and Geologic Logging 5
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Instrument 
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with locking cap
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Sand pack -^

-1 h

< «
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m

_ . Annulus filled with
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-  Well screen, 5 feet

- Blank casing, 3 feet

8 inches

Figure 3. Construction of a typical land well.

SAMPLING AND ANALYTICAL METHODS

Ground-water samples for chemical analyses were 
collected with a peristaltic pump, submersible piston 
pump, or a Teflon bailer. Prior to sampling, about 
1.5 to 3 consecutive well-casing volumes of water 
were pumped from each well. All sampling apparatus 
and containers were rinsed at least three times with 
the well water. Samples to be analyzed for major 
ions and dissolved trace elements were pumped 
through 0.45-nm (micrometer) membrane filters with 
a peristaltic pump and stored in polyethylene bottles, 
except for the mercury sample, which was collected

in a glass bottle with a Teflon-lined cap. Samples for 
nitrogen and phosphorus analysis were chilled. 
Unfiltered samples were collected for tritium analysis 
and for analyses of stable isotopes of oxygen and 
hydrogen.

All samples except those for tritium were analyzed 
at U.S. Geological Survey laboratories. Major-ion 
and trace-element samples were analyzed using 
standard procedures described by Fishman and 
Friedman (1989). Selenium concentrations were 
analyzed using hydride generation and atomic 
absorption spectrometry (Fishman and Bradford, 
1982). Oxygen-18 isotope composition was deter 
mined using a modification of the carbon dioxide 
equilibration method of Epstein and Mayeda (1953), 
and stable hydrogen-isotopic composition (delta 
deuterium) was determined by analyzing hydrogen 
quantitatively extracted from water (Kendall and 
Coplen, 1985). The tritium samples were analyzed at 
the Environmental Isotope Laboratory of the 
University of Waterloo in Ontario, Canada, using 
electrolytic enrichment and liquid scintillation 
counting techniques.

Specific conductance, pH, and alkalinity were 
measured in the field during the collection of samples 
for laboratory analysis. Specific conductance and pH 
were measured using meters that were calibrated at 
each site using standard solutions. Alkalinity was 
measured by titrating 50 mL (milliliter) samples with 
dilute sulfuric acid.

Specific conductance also was measured 
periodically in the San Joaquin River and the ground 
water. The specific conductance of the river was 
monitored hourly at the Newman and Patterson sites, 
and dip-samples were measured periodically at all 
sites. A minimum of eight ground-water samples 
were collected bimonthly, and specific conductance 
was measured onsite or in the laboratory within 1 day 
of collection using a digital conductivity meter. The 
specific conductance data collected for selected wells 
over time were used to evaluate the temporal 
variability of ground-water salinity.

Sampling and Analytical Method* 7



HYDROGEOLOGY 

GEOLOGIC SETTING

The three primary hydrogeologic units in the study 
area are: the Corcoran Clay Member of the Tulare 
Formation, Sierran sand, and flood-basin deposits. 
The Corcoran is present throughout most of the 
western San Joaquin Valley. This low-permeability 
unit is a lacustrine deposit composed of silt and silty 
clay (Bull and Miller, 1975). The Corcoran is about 
80 it thick in the study area, and the top of the unit is 
located at a depth of about 180 ft below the land 
surface (Page, 1986). Overlying the Corcoran is the 
Sierran sand, which is typically more than 150 it 
thick. The Sierran sand is a high permeability unit 
composed primarily of medium- to coarse-grained 
sand derived from the Sierra Nevada to the east. 
Generally, 10 to 30 ft of flood-basin deposits overlie 
the Sierran sand. The flood-basin deposits are 
composed of interbedded sand, silt, and clay of 
Sierran and Coast Ranges source, and permeability is 
highly variable.

The distribution and source of aquifer materials at 
the cluster sites were interpreted from lithologic logs 
compiled from drill cuttings, cores, and field 
observations recorded during installation of the 
observation wells (fig. 4). Complete logs are pre 
sented in table 8 (at back of report). The geologic 
origin of aquifer materials sampled during well 
installation was determined from visual appearance 
and texture. This approach works reasonably well 
because of the generally oxic and fine-grained nature 
of Coast Ranges sediments compared with reduced 
and coarse-grained Sierra Nevada sediments. The 
flood-basin deposits are of mixed origin with inter 
mittent deposits that are dominantly from Coast 
Ranges or Sierra Nevada sources.

Individual layers within the flood-basin deposits 
could not be correlated across the river with any 
degree of certainty. At each cluster site, however, 
clay or sandy clay layers of variable thickness were 
present within the shallow flood-basin deposits. 
The consistent occurrence of fine-grained layers, 
which have much lower permeability than adjacent 
sand deposits, probably is a key control on the 
ground-water-flow system near the river.

HYDROLOGIC SETTING

The Corcoran Clay Member divides the 
ground-water-flow system into an upper unconfined 
zone and a lower confined zone. Flow between the 
unconfined and confined zones is believed to be 
negligible in the study area. Contour maps of water- 
table altitude and the potentiometric surface below the 
Corcoran, which were prepared by the California 
Department of Water Resources (Ben B. Igawa, 
written commun., 1989), indicate little or no vertical 
hydraulic gradient across the Corcoran, and the results 
of previous studies indicate that the hydraulic 
conductivity of the Corcoran is at least 10,000 times 
lower than that of the Sierran sand (Johnson and 
others, 1968; Phillips and Belitz, 1990).

Agricultural practices greatly influence the ground- 
water-flow system in the study area. Irrigation is the 
prima-y source of recharge, supplementing much 
smaller amounts of natural recharge from precipi 
tation and infiltration from streams. Although most 
irrigation recharge is farther away from the river than 
the location of the observation wells, local irrigation 
near the river occurs at some locations. Table 2 gives 
the general character of irrigation practices near the 
cluster sites on land and also indicates whether or not 
the site was inundated during the 1986 flood. 
Pumping of ground water from agricultural wells is a 
primary discharge mechanism, supplementing the 
natural mechanisms of evapotranspiration and dis 
charge to the San Joaquin River. The effects of 
irrigation and withdrawal of water from wells can be 
seen in the regional water table and in water levels 
recorded in the observation wells.

Figure 5 shows the altitude of the water table in 
and aiound the study area in spring of 1987. Hori
zontal 
River

hydraulic gradients west of the San Joaquin 
(5 to 32 ft/mi) generally are greater than those

east of the river (3 to 11 ft/mi). The water table west 
of the San Joaquin River is a subdued replica of the 
topography, sloping gently toward the river from the 
Coast Ranges. East of the river, agricultural pumpage 
has resulted in the formation of a ground-water divide 
about 12 mi northeast of the Newman-Patterson reach. 
East cf the divide, which is parallel to the river, the 
water table slopes eastward toward a cone of depres 
sion. West of the divide, the water table slopes 
gently toward the river.

8 Quantity and Quality of Ground-Water Inflow to the San Joaquin River, California
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Table 2. Land use, irrigation, and other surface applications of water near cluster sites on land

Cluster site name 
and location 
(see table 1)

Inundated
during 

1986 flood
Land use and water-application history

NW 

NE

Yes 

Yes

Cultivated field-Irrigated with local ground water

Natural pasture-No irrigation and a grass lawn within 100 feet that is 
watered with local shallow ground water

CW 

CE

Yes 

No

Natural riverbank-Cultivated field about 500 yards northwest of cluster site

Pasture-Irrigated during the summer months with river water and a small 
pond about 20 feet west of cluster site that receives overflow drainage 
that was originally pumped from the river

PW

PE

Yes 

Yes

Pasture-Occasionally wetted down with river water and historically was 
cultivated and irrigated with river water

Natural riverbank-Pasture about 300 feet east of the cluster site which is 
currently used as a catch for secondary treated wastewater and 
historically was cultivated and irrigated with either secondary treated 
wastewater or water from local reservoirs containing Sierra Nevada 
runoff

Water levels in the observation wells installed at 
the study sites were measured weekly from October 
1988 through August 1989 (fig. 6). All wells show 
a seasonal variation in water levels to some degree, 
with declining water levels in the late summer and 
early autumn and rising water levels in the late winter 
and spring. The effects of agricultural practices on 
water levels can be seen clearly in the hydrograph of 
the west side of the Newman site. In June 1989, 
ground-water pumping caused a downward spike in 
the deep and intermediate wells, and subsequent irri 
gation caused a corresponding upward spike in the 
shallow water-table well. This same pattern was 
repeated in the following month. Seasonal variations 
in water levels result in seasonal variations in ground- 
water inflow to the river if the hydraulic gradients are 
affected.

A key to evaluating ground-water inflow to the 
river is an understanding of the distribution and varia 
bility of hydraulic gradients between the ground water 
and the river. Horizontal hydraulic gradients near the 
river, vertical gradients between the deep land wells 
and the shallow water-table wells, vertical gradi 
ents between the deep river wells and the river, and

horizontal gradients between the deep land wells on 
opposite sides of the river are shown in figures 7-10.

Horizontal hydraulic gradients between shallow 
water-table wells and the San Joaquin River are 
toward the river and generally do not have a strong 
seasonal trend over the period measured (fig. 7). An 
exception to this generalization is the west side of the 
Newman site, which is adjacent to an irrigation ditch, 
where the horizontal gradient increases rapidly during 
the late spring and summer irrigation periods. The 
horizontal gradient is relatively weak on the east side 
of the Newman site and is subject to frequent rever 
sals. Horizontal gradients on both sides of the Crows 
Landing site are average in magnitude and are only 
subject to reversal during sharp rises in river stage. 
At the Patterson site, horizontal gradients on both 
sides of the river are relatively strong and did not 
reverse during the period measured.

Vertical hydraulic gradients between the deep and 
shallow land wells are highly variable from site to site 
but generally are constant over time (fig. 8). The 
vertical gradient on the west side of the Newman site 
is highly variable because of the close proximity to an

Hydrogeology 11
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Figure 6. Water levels in observation wells at each cluster site. A. Newman site. B. Crows Landing site. 
C, Patterson site. See table 1 for explanation of well identifier. Vertical scale for cluster site NW is twice 
that of other sites.
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irrigation ditch and is almost exclusively downward. 
The vertical gradients at the remaining sites are vir 
tually constant, including the east side at the Newman 
site, where the gradient is exclusively upward. On 
the west side of the Crows Landing site, the vertical 
gradient generally is upward but relatively weak and 
subject to frequent reversals. The gradient on the east 
side of the Crows Landing site is exclusively down 
ward and relatively strong. At the Patterson site, the 
vertical gradients on both sides are almost exclusively 
upward and are stronger than those at the other sites.

Vertical hydraulic gradients between the deep river 
wells and the river show little seasonal trend, with the 
possible exception of the Patterson site (fig. 9). The 
data for all sites generally indicate an upward gradient 
but show considerable variability from site to site. At 
the Newman site, the vertical gradient is upward 
except for two brief reversals in mid-summer. The 
vertical gradient beneath the river at the Crows 
Landing site, though generally upward, is subject to 
frequent reversals throughout the period measured. 
At the Patterson site, the vertical gradient is exclu 
sively upward and stronger than at other sites.

Horizontal hydraulic gradients between the deep 
land wells on opposite sides of the river are toward 
the east and do not show a distinct seasonal trend 
(fig. 10). There are a few brief periods when the 
gradient is reversed. Data for the Newman site show 
several reversals that are most likely a result of 
ground-water pumpage for irrigation of the field adja 
cent to the wells on the west side of the river. Apart 
from these brief reversals, the gradients at the 
Newman site are relatively constant. At the Crows 
Landing site, the gradient is almost exclusively east 
ward and is the strongest of the three sites. Several 
upward spikes in the gradients probably are related 
to local east-side pumping. The horizontal hydraulic 
gradient between the deep land wells at the Patterson 
site is intermediate and reversed once during spring 
irrigation.

The hydraulic gradients and the water-level hydro- 
graphs indicate that ground-water pumping has a 
significant effect on the ground-water-flow system 
near the San Joaquin River. An understanding of the 
distribution of pumping is an important aspect of the 
conceptualization of the flow system. Detailed pum 
page data were not available for the study area, but

Hydrogeology 13
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Figure 7. Horizontal hydraulic gradients between 
shallow water-table wells and the San Joaquin 
River. A. Newman site. B, Crows Landing site. 
C, Patterson site. Positive gradients indicate flow 
toward the river. See table 1 for explanation of 
well identifier.

Figure 8. Vertical hydraulic gradients between 
the deep and shallow land wells. A. Newman 
site. B. Crows Landing site. C, Patterson site. 
Positive gradients indicate upward flow. See 
table T for explanation of well identifier.
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Figure 10. Horizontal hydraulic gradients between 
the deep land wells on opposite side of the river. 
Positive gradients indicate eastward flow. See 
table 1 for explanation of well identifier.

several indirect lines of evidence suggest that ground- 
water withdrawal from the unconfmed zone overlying 
the Corcoran Clay Member takes place primarily east 
of the river.

Local evidence of eastern pumping includes the 
eastward horizontal hydraulic gradients between deep 
land wells and relatively low water levels in deep 
wells on the east side in comparison to those in other 
wells and to the river stage. At the Crows Landing 
site, the water level in the deep land well on the east 
side was, on average, lower than the river stage. 
Ground-water pumping on the east side of the Crows 
Landing site results in (1) a diversion of water from 
the natural discharge zone (the San Joaquin River) 
and (2) a component of flow underneath the San 
Joaquin River from west to east across the valley 
trough. Similarly, the water level in the deep land 
well on the east side of the Patterson site is consider 
ably lower than the water levels in the deep well on 
the west side and in the deep river well. At the 
Newman site, the water level in the deep land well on 
the east side is lower than that on the west side but 
higher than the water level in the deep river well. 
Based on local water-level data only, significant east- 
side pumping and flow underneath the San Joaquin 
River from west to east is evident at the Crows 
Landing and Patterson sites and to a lesser extent at 
the Newman site.

Regional evidence suggesting that ground-water 
pumping from the unconfmed zone takes place 
primarily on the east side of the river includes 
regional water-table data and the results from previous 
studies. As described earlier, there is a large cone of 
depression east of the ground-water divide northeast 
of the study reach. There is no corresponding feature 
on the west side of the valley. This holds true 
throughout the central and northern San Joaquin 
Valley with the exception of a linear trough adjacent 
to the Coast Ranges in the central part of the western 
valley, which is thought to be related to pumping in 
the confined zone (Belitz and Heimes, 1990).

Belitz and Heimes (1990) also concluded that there 
is flow across the valley trough toward eastern 
pumping centers in the central part of the valley. 
This general pattern of water flowing from west to 
east underneath the San Joaquin River has two major 
implications: (1) water that would naturally discharge 
to the San Joaquin River is being diverted and (2) 
water that originated on the west side of the valley, 
which under natural conditions would not cross the 
San Joaquin River to any great extent, is being 
transported to the east side of the valley.

Hydrogeology 15



ESTIMATION OF GROUND-WATER INFLOW 
USING GROUND-WATER-FLOW MODELS

Two-dimensional steady-state ground-water-flow 
models were created to estimate ground-water inflow 
to the San Joaquin River at each of the study sites. 
The three models were constructed using the U.S. 
Geological Survey modular three-dimensional finite- 
difference ground-water-flow model (McDonald and 
Harbaugh, 1988). These flow models represent 
vertical cross sections oriented perpendicular to the 
river near the Newman, Crows Landing, and Patterson 
sites. The approach is similar to that taken in a pre 
vious study to estimate ground-water return flow to 
the lower Colorado River (Loeltz and Leake, 1983).

The three-dimensional flow equation used in the 
model was altered by setting the dimension parallel to 
the San Joaquin River to unity (1 ft). The resulting 
two-dimensional ground-water-flow equation for 
steady-state flow in an anisotropic medium can be 
written as follows:

O 5- 
dx

oh*. O-' +T- 
x dz

0, (1)

where
h - hydraulic head (L);

KH - horizontal hydraulic conductivity (L/t);
Kv = vertical hydraulic conductivity (L/t); and
x,z = cartesian coordinates.

MODEL GEOMETRY AND BOUNDARY CONDITIONS

The size and discretization of the model grid are 
identical for each of the three sites. The model cross 
section is about 0.67 mi wide and 180 ft deep 
(fig. 11). The San Joaquin River is at the midpoint of 
the grid and is approximated by a block of cells 
160 ft wide by 6 ft deep. These dimensions are based 
on approximate measurements of river width and 
measured depth profiles. The model grid is divided 
horizontally into a total of 32 columns, 16 on each 
side of the river midpoint. Horizontal cell dimensions 
are a minimum of 20 ft wide, periodically increasing 
in width with distance from the river. The grid is 
divided vertically into 20 layers of variable thickness. 
Layers 1-5, 6-8, 9-17, and 18-20 are 3, 5, 10, and 
20 ft thick, respectively.

The types of boundary conditions are identical for 
all three models (fig. 11). The vertical sides of the 
cross section perpendicular to the river are no-flow 
boundaries. These boundaries are based on the 
assumption that flow is parallel to the cross section. 
The water-table map presented in figure 5 shows that 
this is a reasonable assumption, although small-scale 
flow patterns may exist near the river. The lower 
boundary also is a no-flow boundary and is delineated 
by the contact between the Sierran sand and the 
Corcoran Clay Member.

Specified-head cells with high hydraulic conduc 
tivity are used to simulate the San Joaquin River, 
which is the central part of the upper boundary. The 
effect of accumulated riverbed sediments on hydraulic 
conductivity is assumed to be negligible, and the 
aquifer interacts directly with the river. This is 
believed to be a reasonable assumption because 
during river well installation, it was observed that the 
river bottom was sandy and that the jetwash was 
sandy for at least the first 5 ft below the riverbed. 
The remainder of the upper boundary consists of a 
water-ta >le surface on each side of the river. The 
water table is allowed to vary as a function of head.

The ;ast and west model faces are specified-flux 
boundaries, which are used for simulating the effects 
of ground-water recharge and discharge (pumpage) 
outside the model boundaries. Specifying recharge 
and discharge only at the east and west boundaries 
neglects the occurrence of these processes within 
0.34 mi of the river, even though local irrigation takes 
place at some sites (table 2). This assumption is 
believed to be justified because 0.34 mi represents a 
maximum of 6 percent of the distance between the 
valley walls and the valley trough in the study area; 
therefore, a maximum of 6 percent of the area in 
which recharge and discharge may occur is neglected.

layer,

side

the eas
amount!
model
neous
west
rechargi
the top
one-hall
discharge
of ground

Recharge to the model cross section was applied to 
and west boundaries and distributed in 

proportional to the transmissivity of each 
, ensuring horizontal flow under homoge- 

isotropic conditions. Recharge allocated to the 
was applied to all model layers; however, 

allocated to the east side was applied only to 
Mie-half of the eastern boundary. The lower 
of the eastern boundary was used to specify 

from the model cross section in the form 
-water withdrawal for agricultural use. As
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Hgure 11. Dimensions and discretization of the model grid, and specification of the boundary conditions.

discussed earlier, ground-water pumping from the 
unconfined zone is believed to be primarily on the 
east side of the river. Pumpage, like recharge, was 
distributed in amounts proportional to the trans- 
missivity of each model layer. The lower one-half of 
the boundary was designated for pumpage because 
screening production wells in the lower parts of the 
unconfined aquifer is a common practice in the study 
area.

The decision to position the lateral model bound 
aries 0.34 mi from the river, as opposed to extending 
them to the natural flow boundaries, was based on 
several factors. First, the natural flow boundaries are 
not clearly defined, particularly east of the river. The 
ground-water divide certainly acts as a recharge 
divide, as recharge is applied from above, but 
probably does not act as a discharge divide because 
heavy pumping east of the divide probably induces 
eastward flow across the divide at greater depths in 
the unconfined zone. Second, the distribution of 
pumping in the area between the ground-water divide 
and the river is unknown, except that analysis 
of hourly water-level data showed definite pumping 
cycles that probably were related to the pumping 
of local wells. If the boundaries were extended 
farther from the river, this unknown pumpage would 
have to be included explicitly in the model. Finally,

positioning the lateral model boundaries close to the 
river provides a sensitive boundary condition that can 
be used qualitatively during model calibration.

ESTIMATION OF MODEL PARAMETERS

Values of model parameters were either estimated 
or calibrated. Horizontal hydraulic conductivity was 
estimated from results of analysis of slug-test data. 
Vertical hydraulic conductivity was determined 
through model calibration, given various conceptual 
models for the distribution of aquifer materials 
controlling vertical flow. Recharge and discharge at 
the east and west boundaries also were calibrated 
on the basis of specific assumptions about the 
distribution of each.

Slug tests were conducted in 10 of the 22 observa 
tion wells to estimate horizontal hydraulic con 
ductivity. River wells were not tested because of the 
uncertainty in determining an effective horizontal 
screened interval for an open-ended pipe. Water-table 
wells also are not suitable for slug-test analysis. The 
10 wells tested are screened in the Sierran sand. Both 
forward (slug) and reverse (bail) tests were done 
using an impermeable object as a displacement 
device. The data from these tests were interpreted

Estimation of Ground-Water Inflow Using Ground-Water-Row Models 17



using the method of Cooper and others (1967) as 
expanded by Papadopulos and others (1973). Data 
from six of the wells were readily interpreted using 
this methodology, and the results are presented in 
table 3. The median value for horizontal hydraulic 
conductivity of 2.0xlO"3 ft/s was used for all the 
models. The data from the four remaining wells 
show oscillatory behavior caused by inertia! effects 
(fig. 12). Kipp (1985) presented a method for inter 
preting this type of data, but these data were not 
analyzed for this study.

Vertical hydraulic conductivity was determined by 
calibration on the basis of three conceptual models for 
the distribution of aquifer materials that control 
vertical flow. The following conceptual models were 
considered: (1) isotropic homogeneous, (2) aniso- 
tropic, and (3) single layer. In the isotropic homo 
geneous model, horizontal and vertical hydraulic 
conductivities were assumed to be identical. In the 
anisotropic model, a constant horizontal-to-vertical 
anisotropy was assigned to the entire cross section. 
The single layer, or layered model, is identical to the 
isotropic homogeneous model, with the exception of 
a single 5-ft thick layer of relatively low hydraulic 
conductivity. This low-conductivity model layer is 
continuous, within 30 ft of the land surface, and 
conceptually represents fine-grained flood-basin 
deposits. These conceptual models are not intended 
to be accurate representations of the observed 
lithology at each cross section. Instead, they repre 
sent a range of conditions that seems possible based 
on the limited amount of lithologic data collected.

Table 3. Estimated horizontal hydraulic conduc 
tivities of the Sierran sand from analysis of slug- 
and bail-test data

[ft/s, foot per second; --, no data]

Horizontal hydraulic
Well identifier 
(see table 1)

NW-47.5 
NE-35.5 
ME- 107.5

CW-18.2 
CE-107.5

conductivity (ft/s)

Slug test Bail test

2.0xlO'3 l.SxlO'3 
2.0xlO'3 1.7xlO'3 
6.9xlO'5

3.5xlO'3 2.8xlO'3 
9.3xlO'4 1.2xlO'3

PW-22.5 4.6x10,-3 2.8xlO"3

0 5 10 15 20 

, TIME, IN SECONDS

Figure 12. Measured water levels over time. 
A. Normal slug test. B, Slug test influenced by 
inertial effects.

The quantities of total recharge entering the model 
cross sebtions were calibrated. The division of total 
recharge into quantities entering the eastern and 
western model boundaries was calculated on the basis 
of the assumption of a constant area! recharge rate 
along flowlines connecting the three sites with the 
flow boundaries to the east and west Thus, the 
length of each of these flowlines is proportional to the 
recharge area on the east and west sides of each site. 
At all sites, the natural flow boundary to the west is 
closer tpan that to the east. The quantity of recharge 
entering the western boundary was estimated to be 43, 
37, and] 34 percent of the total for the Newman, 
Crows Landing, and Patterson models, respectively. 
As discussed earlier, discharge by ground-water 
pumping was calibrated on the basis of the assump 
tion that pumping in the unconfined zone takes place 
primarily east of the San Joaquin River.
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CALIBRATION AND SENSITIVITY

Cross-sectional models of the Newman, Crows 
Landing, and Patterson sites were tested using the 
three conceptual models for the distribution of 
materials controlling vertical flow. Model calibration 
was conducted in two steps. The first step was a 
trial-and-error process that yielded calibrated versions 
of each conceptual model that was capable of pro 
ducing a reasonable hydraulic head distribution. The 
second step was systematic alteration of values of 
calibrated model parameters to determine the unique 
ness of the solutions and the sensitivity of the 
calibrated models to changes in these parameters. 
Additional testing determined the sensitivity of the 
calibrated models to noncalibrated parameters.

CALIBRATION CRITERIA

Water levels measured in observation wells and 
river stages recorded at the study sites were used to 
calibrate each of the three models. The error between 
the measured water levels and simulated hydraulic 
heads served as a calibration criterion. Steady-state 
hydraulic heads were approximated by the median 
values of weekly water-level measurements from 
October 1988 through August 1989. For modeling 
purposes, the median river stage was subtracted from 
each of the median water levels in observation wells, 
thus changing the baseline from sea level to river 
stage. The resulting values are presented on the cross 
sections in figure 13.

Four of the values shown in figure 13 were not 
used quantitatively during model calibration. Two 
shallow land wells probably are affected by local 
sources of recharge not accounted for in the models: 
NW-14.5 on the west side of the Newman site and 
CE-19.5 on the east side of the Crows Landing site. 
The west side of the Newman site is adjacent to an 
irrigated field bordered by a ditch. This ditch was 
often full of water during and after periods of 
irrigation. At the Crows Landing site, a small pond 
is about 20 ft from the shallow observation well. 
This pond is used as an overflow disposal area and 
was full during most of the study period.

The remaining two values not used quantitatively 
during calibration are those in the deep river wells at 
the Newman and Crows Landing sites. Slug tests 
were done in these wells to confirm that the wells 
were completed in the flood-basin deposits rather than 
the Sierran sand as originally interpreted from 
lithologic logs (table 8). The values of hydraulic

conductivity interpreted from the slug-test data from 
the river wells, which are open-ended pipes, were 
used for comparison purposes only. The results for 
the deep river well at the Patterson site, which was 
believed to be within the Sierran sand, were 100 
times higher than those for the deep river well at the 
Crows Landing site. This was considered to be 
sufficient evidence that the well at Crows Landing is 
not in the Sierran sand. The deep river well at the 
Newman site is physically difficult to test, but the 
stratigraphic relations shown in figure 4 suggest that 
the well is not deep enough to have reached the 
Sierran sand.

MODEL CALIBRATION-STEP 1

In the first step of calibration, models representing 
the isotropic homogeneous, anisotropic, and layered 
conceptual models for all three cross sections were 
calibrated by trial and error. Vertical hydraulic 
conductivity, recharge, and pumpage were varied until 
the solution best matched measured conditions. The 
primary measure of model fit was the quantitative 
comparison of measured water levels and simulated 
hydraulic heads using the root mean square error 
(RMSE). Qualitative measures of model fit also were 
used because two different sets of parameters would 
sometimes yield similar RMSE but different hydraulic 
head distributions. The differences were often 
apparent on comparison of the simulated water-table 
altitudes at the east and west boundaries. For 
example, solutions were rejected if the water table at 
the eastern boundary was below the river stage 
because this constitutes a large-scale depression in 
the water table for which there is no supporting 
evidence. Other similar qualitative criteria were used 
in selecting the best model.

The calibrated anisotropic and layered models for 
all three cross sections produced solutions that 
matched measured water levels reasonably well. 
Table 4 shows the median measured water level 
above river stage for each observation well and the 
corresponding simulated values for the anisotropic 
and layered models. For the Newman and Crows 
Landing layered models, simulated values immedi 
ately above and below the low-conductivity layer 
are included for the deep river wells because the wells 
are believed to be in the flood-basin deposits. The 
isotropic homogeneous model is not included in the 
table because it failed to produce substantial hydraulic 
gradients and consequently failed to produce 
reasonable distributions of hydraulic head.
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Table 4. Measured water levels and simulated hydraulic heads above river stage for each observation 
well for the anisotropic and layered models of each cluster site '

Well identifier 
Cluster site name (see table 1)

Newman (N) ............... NW-14.51
NW-47.5
NW-107.5
NR-7.0 
NR-20.01
NE-14.5
NE-35.5
NE-107.5 

Crows Landing (C) .......... CW-12.8
CW-18.2
CW-97.7
CR-5.0 
CR-20.01 
CE-19.51
CE-107.5 

Patterson (P) ............... PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

Median measured 
water levels, in feet 

above river stage

1.86 
1.16
1.18
.06 
.49
.27
.98
.94

.38 

.36

.50

.02 

.05 

.81
-.03

.62 

.62
1.82
.12

1.71
.84

1.40

Hydraulic head, in feet above river stage

Simulated by 
anisotropic model

0.74 
1.00
1.29
.30 
.61
.44
.73
.94

.39 

.40

.55

.08 

.20 

.10

.00

.59 

.87
1.79
.62

1.55
.81

1.51

Simulated by 
layered model

0.46 
1.12
1.12
0.01 

^)m/l.Q2
0.27
0.94
0.94

0.38 
0.38
0.78
0.00 

fy.OO/O.SO 
0.06

-0.13

0.59 
0.59
1.85
0.01
1.66
0.40
1.43

was not used quantitatively during calibration. 
Simulated values above/below the low-conductivity layer.

The values in table 4 show that the layered models 
match measured values better than the anisotropic 
models at the Newman and Patterson sites but that 
neither model is clearly superior at the Crows 
Landing site. Note that the results of the layered and 
anisotropic models often complement each other. For 
example, the layered model reproduces measured 
water levels at the Patterson west side and river 
locations far better than does the anisotropic model. 
The anisotropic model produces superior results for 
the east side of the river at the Patterson site.

MODEL CALIBRATION-STEP 2

In the second step of calibration, the uniqueness of 
the calibrated solutions for each of the cross-section 
models was tested. Values of recharge and vertical 
hydraulic conductivity were varied systematically 
lower and higher than those of the calibrated 
solutions. These parameters were varied by amounts 
large enough to ensure that the calibrated model was 
bounded by inferior solutions but small enough to 
remain within a range of physically reasonable values.
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Recharge was altered by a factor of 2 and vertical 
hydraulic conductivity by a factor of 3. For a given 
combination of recharge and vertical hydraulic con 
ductivity, discharge at the eastern model boundary 
was adjusted until the measured water level in the 
deep eastern well was matched. The resulting dis 
tribution of hydraulic head was compared with 
measured water levels, and the RMSE was calculated. 
Figure 14 is a summary of the results. The center of 
each 3x3 grid represents the calibrated solution for a 
given site and conceptual model. The eight surround 
ing squares in each grid represent solutions resulting 
from systematic changes in recharge and (or) vertical 
hydraulic conductivity and the associated change in, 
pumping. The RMSE for each solution is shown in 
the upper left-hand comer of each square.

All the original calibrated solutions in figure 14 
are associated with relatively low values of RMSE. 
Some of the surrounding solutions have slightly lower 
RMSE than that of the associated calibrated solution. 
Through qualitative assessment of hydraulic head 
distributions, all these solutions were determined to be 
inferior. Most of these solutions were ruled out on 
the basis of the simulated values at the lateral bound 
aries, often because the water table at the eastern 
boundary was lower than the river stage. Thus, 
through the use of quantitative and qualitative 
measures, each of the calibrated model formulations 
was determined to be superior to the surrounding 
solutions.

MODEL SENSITIVITY

The sensitivity of the models to calibrated 
parameters was determined during calibration. The 
results in figure 14 show the sensitivity of simulated 
hydraulic heads and ground-water inflow to changes 
in the calibrated parameters. The differences between 
measured water levels and simulated hydraulic heads, 
which are represented by the RMSE, are clearly 
sensitive to the calibrated parameters. Ground-water 
inflow also is sensitive to the calibrated parameters 
but generally remains within a factor of 2 of the value 
simulated by the calibrated model even though 
parameter values were varied widely.

The sensitivity of the model to noncalibrated 
parameters was tested by varying those parameters 
for the calibrated models only. The noncalibrated 
parameters are horizontal hydraulic conductivity, 
distribution of discharge at the eastern boundary, and

distribution of recharge. Horizontal hydraulic con 
ductivity has a one-to-one correspondence with flux. 
If, for example, the conductivity is doubled, the 
identical solution is obtained by doubling the fluxes; 
consequently, the value of horizontal hydraulic con 
ductivity has a strong effect on the resulting value of 
ground-water inflow. The horizontal hydraulic con 
ductivity used in the models was the median result 
from the analysis of slug- and bail-test data. The 
results ringed from 9.3X10"4 to 4.6xlO~3 ft/s, exclud 
ing the slug test at NE-107.5, which was inexplicably 
low. This range of values suggests that the horizontal 
hydraulic conductivity used in the models (2.0xlO~3 
ft/s) and the resulting estimates of ground-water 
inflow could vary by a factor of about 2.

The sensitivity of the model to the distribution of 
pumping was tested by moving the discharge zone 
representing agricultural pumping from the lower 
one-half of the eastern boundary to a location that 
increase;; the effect of pumping on hydraulic head in 
the deep eastern well. This alternative pumping zone 
includes only the layer in which the deep eastern well 
is screened, which is 10 ft thick and extends from the 
cell adjacent to the deep eastern well to the eastern 
boundary. Given the initial conditions of the cali 
brated models, each model was run again with the 
appropriate alternative pumping zone. The quantity 
of pumpage was then adjusted until simulated hydrau 
lic heads in the deep eastern wells matched the 
median measured water levels. This resulted in 
virtually no change in hydraulic head at the calibra 
tion points for all the models. Ground-water inflow 
increasei by 130 percent for the Crows Landing 
layered model and varied less than 20 percent for the 
remaining models.

The
recharge 
recharge 
sections 
Given the

each
between
hydrauli
simulated
except

recharge

sensitivity to changes in the distribution of 
was tested by varying the percentage of total 
entering each side of the model cross 

by a factor of 2 upward and downward, 
initial conditions of the calibrated models, 

the values of recharge and pumpage were adjusted for 
distribution until the best match 

measured water levels and simulated 
c heads was achieved. The changes in the 

hydraulic head distribution were minimal 
the Crows Landing layered model, which 

experienced the maximum change in ground-water 
increase of 80 percent. Ground-water 

for the other models changed by an average of
inflow 
inflow 
16 percent.

far
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The Crows Landing layered model is clearly the 
most sensitive to changes in pumping and recharge. 
This sensitivity probably is a function of the relatively 
high pumping rates required to maintain the 
downward hydraulic gradient on the east side.

MODEL RESULTS

The results of the calibrated models are shown in 
figure 15 as simplified flow nets indicating general 
directions of ground-water flow. These flow direc 
tions are consistent with the general trends of the 
hydraulic gradients noted earlier. Simulated shallow 
horizontal flow is toward the river, and simulated 
vertical flow beneath the river is upward. Recall that 
the calculated horizontal gradients between the deep 
land wells suggested that there was a component of 
flow from west to east across the valley trough, 
particularly at the Crows Landing site. The model 
results suggest that eastward flow across the valley 
trough occurs at all three sites and is a substantial 
component of flow.

Calibrated formulations of the anisotropic and 
layered models for all three cross sections yielded 
reasonable results. However, the isotropic homo 
geneous model did not prove to be conceptually valid 
because it failed to produce substantial hydraulic 
gradients. The failure of the isotropic homogeneous 
model indicates that the existing vertical hydraulic 
gradients cannot be explained by the convergence of 
flowlines toward the river. Although some fraction of 
the existing gradients may be attributed to conver 
gence, resistance to vertical flow is greater than the 
resistance to horizontal flow.

None of the conceptual models for the distribution 
of materials controlling vertical flow produce 
simulated hydraulic heads that match the measured 
water levels at all the measuring points. For a given 
cross section, the anisotropic and layered models 
reproduce the hydraulic head distribution in parts of 
the system and do poorly in others. Where one con 
ceptual model does poorly the other often does well, 
suggesting that the real system may be some 
combination of the two simplified models. The best 
estimate of ground-water inflow to the river, there 
fore, may be some value between those simulated by 
the anisotropic and layered models. Table 5 shows 
ground-water inflow to the San Joaquin River for all 
calibrated models. If the hydrogeology at the three

cross sections is representative of conditions along the 
entire reach, the average simulated ground-water 
inflow calculated from all the model results 
[1.7 (ft?/s)/!mi] also is representative of the reach.

The assumption that the hydrogeology at the three 
cross sect ons is representative of conditions along the 
entire reach may cause error in estimates of ground- 
water inflow to the reach. This is because the three 
cross sections are oriented parallel to the direction of 
regional ground-water flow, and a significant propor 
tion of the river is oriented at an oblique angle to 
regional flow. The maximum overestimation of 
ground-water inflow would be about 50 percent based 
on the difference between the actual length of the 
reach and the length of a smooth curve following the 
general course of the river.

Sensitivity analyses of the six calibrated models 
showed that, with respect to the calibrated parameters, 
ground-water inflow for a given model generally is 
bounded within a factor of 2. The sensitivity with 
respect to the noncalibrated parameters was minimal, 
with the exception of the horizontal hydraulic 
conductivity, which may vary by a factor of 2 based 
on the range of results from the analysis of slug-test 
data front direct measurements at the study sites. 
Results from similar tests south of the study area in 
eight well s within Sierran sand, ranging in depth from 
65 to 570 ft, show an average hydraulic conductivity 
of 1.2xl0r3 ft/s (Phillips and Belitz, 1990). This 
value compares well with the median of results from 
slug and bail tests at the study sites (2.0xlO~3 ft/s).

The 
60-mile 
Rashmawi 
of grounc 
river mile 
Based on
average 
reach was; 
with the 
developed

regional-scale water-budget model for a 
rsach of the river (Kratzer and others, 1987; 

i and others, 1989) produced average values 
-water inflow for the San Joaquin River by 

for 1979, 1981, 1982, 1984, and 1985. 
the calibrated water-budget model, the 

.ue of ground-water inflow for the 19-mile 
about 2.0 (ft3/s)/mi, which compares well 

iverage result from the six calibrated models 
in this study [1.7 (ftVs)/nii].

value

The average rate of recharge for the six calibrated 
models is| 1.35xlO"3 (tf/sVft, and the average rate of 
pumpage is 1.02xlO"3 (fr/s)/ft. On the basis of the 
assumption that the three sites are representative of 
the 19-mile reach, the average estimated rates of 
recharge ind pumpage along the reach are 7.1 and 5.4 
(ftVs)/mi, respectively. A comparison of these values
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Table 5. Simulated ground-water Inflow to the 
San Joaquin River using the anlsotroplc and 
layered models

i, cubic foot per second per mile]

Simulated ground-water 
inflow

WIUBKU au& IUUIK.

Newman ........
Crows Landing . . .
Patterson ........

Anistropic 
model

. . . . . 1.7

. . . . . .8
. . . . . 1.7

Layered 
model

1.8
1.1
3.2

Average 1.4 2.0

indicates that, on average, about 76 percent of ground 
water entering the model cross sections is discharged 
through agricultural pumping and the remaining 24 
percent is discharged into the river. These values 
indicate that the rate of agricultural pumping can have 
a strong effect on the rate of ground-water inflow.

The average simulated recharge and pumping rates 
for the study area can be compared, in a general 
sense, to estimated values from a previous study in 
the central part of the western San Joaquin Valley. A 
water-budget approach was used to estimate average 
1980 area! recharge and pumpage rates of 0.74 and 
0.47 ft/yr, respectively (J.M. Gronberg and Kenneth 
Belitz, U.S. Geological Survey, oral commun., 1990). 
Surface-water deliveries and climate were considered 
as average in 1980. Conversion of the average simu 
lated volumetric recharge and pumping rates for the 
six calibrated models to average area! rates required 
estimation of the area over which recharge and 
pumping take place. This area is defined on the north 
and south by parallel flowlines east and west of the 
river between the endpoints of the reach and the flow 
boundaries and on the east and west by the natural 
flow boundaries. The distance between the Newman 
and Patterson sites is about 11.5 mi. Recharge is 
distributed over the distance between the Coast 
Ranges and the ground-water divide, which averages 
about 18 mi, and pumping is distributed over the dis 
tance between the river and the ground-water divide, 
which averages about 12 mi. The resulting 
conversion of the simulation results for the six 
calibrated models yields average area! recharge 
and pumping rates of 0.75 and 0.86 fl/yr, respectively.

The recharge rates compare well, but the pumping 
rate estimated in this study is almost double that in 
the previous study. Several possible explanations for 
the higher pumping rate are: (1) drought conditions 
have resulted in higher demand for ground water for 
irrigation purposes; (2) there may be a heavier 
reliance on ground water on the east side of the valley 
compared with the west; and (3) the area over which 
pumping is distributed may have been underestimated, 
as pumping east of the ground-water divide probably 
induces eastward flow across the divide.

The calibrated models can be used to estimate the 
percentage of ground-water inflow coming from 
various locations in the unconflned zone, and ulti 
mately, the quality of ground water entering the river. 
For these estimates, the layered models were used. 
The layered configuration is convenient for flux 
computations, probably is a better lithologic analogue 
than the anisotropic configuration, and the average 
RMSE for the layered models (0.11) is lower than 
that for the anisotropic models (0.15). The average 
ground-water inflow for the layered models [2.0 
(ft3/s)/mi] is only 18 percent greater than the average 
for all six models [1.7 (ft^/sVmi]. Given the layered 
configuration, three distinct parts of the flow system 
contribute to the total ground-water inflow to the 
river, the shallow parts east and west of the river and 
the deep part beneath the layer. The percentage of 
ground-water inflow coming from each part of the 
flow system was estimated by analyzing the flux 
output from the calibrated layered model for each site 
(table 6). Combined with ground-water chemistry 
data, these percentages can be used to estimate the 
quality of ground water entering the San Joaquin 
River.

Table 6. Estimated percentage of ground-water 
Inflow coming from the deep and shallow parts of 
the unconflned flow system at the cluster sites, 
using the layered models

Estimated percentage of 
ground-water inflow from parts 

Cluster site name of ** ^confined fl<>w system

Newman ........
Crows Landing . . .
Patterson ........

Deep

... 74

... 27

... 67

Shallow 
west

13
63
17

Shallow 
east

13
10
16
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ANISTROPIC MODELS
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Figure 15. General directions of ground-water flow for theislx calibrated solutions. A, Newman 
site. B. Crows Landing site. C, Patterson site.
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LAYERED MODELS
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ESTIMATION OF GROUND-WATER INFLOW 
USING WATER BALANCE

Ground-water inflow to the study reach was 
estimated using water-balance computations based on 
flow measurements made in all tributaries, canals, 
inflow pipes, and withdrawal pumps between the 
Newman and Patterson study sites. Streamflow and 
specific conductance were measured during two 
separate synoptic studies on October 28-29, 1986, 
(fig. 16A) and June 14, 1989 (fig. 165).

For the 1986 synoptic study, the specific 
conductance of the San Joaquin River at Newman, 
where water from the Merced River has not 
completely mixed with the San Joaquin River, was 
measured in a discharge-weighted sample from the 
full cross sectioa For the 1989 synoptic study, 
specific conductance at the Newman site was 
determined from a monitor located downstream of the 
Newman site, where mixing of the rivers is complete; 
specific conductance data were not available for three 
small inflows near Crows Landing. These inflows 
were assumed to have the same specific conductance 
of river water at the Crows Landing site-1,538 
jiS/cm (microsiemens per centimeter at 25 degrees 
Celsius). Assuming no measurement error, no 
unmeasured surface-water inflows or withdrawals, and 
steady-flow conditions within the reach, the residual 
water resulting from the subtraction of all measured 
inflows to the study reach from the streamflow 
measured at Patterson, plus withdrawals, is an 
estimate of ground-water inflow. Sampling was done 
in October. 1986 when the monthly mean streamflow 
was in the 60th percentile and in June 1989 during a 
low-flow period with a monthly mean streamflow in 
the 27th percentile of monthly means for 1975-89 
(fig. 17).

Estimates of ground-water inflow to the San 
Joaquin River between Newman and Patterson were 
computed by:

Qgw Qout , (2)

where
= ground-water inflow between the 

Newman and Patterson sites;

: river streamflow at the Patterson
site; 

: river streamflow at the Newman
site;

Qin = the sum of all inflows to the river 
between the Newman and 
Patterson sites; and

&out = t*16 sum °f ^ withdrawals of
water from the river between the 
Newman and Patterson sites.

All flow values are in cubic feet per second.

Using 
inflows,

equation 2 and values for streamflows,
and withdrawals shown in figure 16A, 

ground-water inflow to the river was estimated to be 
130 ± 69 fi?/s during October 1986. The value of 69 
ft3/s is the standard error of the estimate at a 
95-perceiit confidence interval based on the 
assumption that streamflows at Newman and Patterson 
were mejisured with a 5-percent standard error and all 
other flows with a 10-percent standard error. This 
inflow tc the study reach is equivalent to an average 
of 6.7 ± 3.6 ft3/s per river mile. Similar calculations 
for June 1989, using values for streamflows, inflows, 
and withdrawals shown in figure 16B, indicate 62 ± 
41 fi?/s of ground-water inflow. This inflow is 
equivalent to an average of 3.2 ±2.1 (ft^/sVmi.

On the basis of estimated rates of ground-water 
inflow from the water-balance computations, the 
average salinity of ground water flowing into the river 
was estimated by a mass balance of dissolved solids 
using specific conductance. In the mass-balance 
computations, specific conductance was used as an 
indirect measure of dissolved-solids concentration. 
Although specific conductance is not in units of mass, 
it is lineiirly related to the concentration of dissolved 
solids in water and is frequently used as a measure of 
salinity. Because of the relatively constant linear 
relation l)etween specific conductance and dissolved- 
solids concentration, specific conductance values can
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be used
manner
Thus, th
to the sj)ecific conductance of river water is equal
to the product of tributary flow and specific
conductance, divided by total riverflow.

in water-mixing calculations in the same
as for a nonreactive dissolved substance.
estimated contribution of a tributary source



Patterson 26.9
799

1.538

Crows 
Landing

Newman
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T 
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EXPLANATION

STREAMFLOW AND SPECIFIC CONDUCTANCE-TOP number is 
streamflow, in cubic feet per second. Positive means flow into the 
reach; negative means flow out of the reach. Bottom number is specific 
conductance,in microsiemens per centimeter. Arrow indicates direction 
of flow

- INSET FOR STUDY SITE-See figure 1

Figure 16. Streamflow and specific conductance in the San Joaquin River and its tributaries between 
Newman and Patterson for the water-balance synoptic studies. A, October 28-29,1986. B, June 14, 
1989.
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Figure 17. Daily mean streamflow at the Newman site compared with monthly mean streamflow 
as percentile of flows for the same month from 1975 to 1989.

The average specific conductance of ground water 
flowing into the river was computed by:

if

where
'gw

gw

specific conductance of ground
water, 

specific conductance of river
water at the Patterson site; 

specific conductance of river
water at the Newman site; 

sum of the products of specific
conductance and flow for all
inflows; and

' £<?«P = sum °f ti16 Products °f specific 
conductance and flow for all 
withdrawals.

Q =

All other terms are as defined for equation 2; values 
of specific conductance are in microsiemens per 
centimeter at 25 degrees Celsius.

Using equation 3 and values for streamflows, 
inflows! and withdrawals shown in figure 16A, 
ground-water inflow to the river was estimated to 
have an (average specific conductance of 1,730 ±918 
H-S/cm during the October 1986 synoptic study. 
Similar calculations using values in figure 16B yield 
an estimate of 1,216 ± 804 uS/cm for June 1989. 
The standard errors were computed by assuming that 
all uncertainty was due to streamflow measurement. 
This approach may underestimate standard errors 
because j of possible changes over time in tributary 
salinities during the study and uncertainty inherent in 
the measurement of specific conductance.

The [ground-water inflows estimated from the 
October 1986 and June 1989 synoptic studies are 
reasonable in relation to the difference between San
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Joaquin River flows measured at Newman and 
Patterson from 1986 to 1989 (fig. 18). At the time of 
both studies, ground-water inflow was a substantial 
component of the net gain in streamflow within this 
reach of river. The trend in within-reach gains in 
streamflow was downward during 1986-89, as drought 
conditions persisted. Seasonally, additions of water 
within the reach are greatest during the spring and 
summer irrigations.

The results of the water-balance calculations for 
the 1986 and 1989 synoptic studies indicate that 
ground-water inflow increases with increasing 
streamflow. As an increase in streamflow necessitates 
an increase in river stage, a greater increase in the 
ground-water system must occur for the ground-water 
inflow to increase. The peak of the 1986 flood was 
in February, about 6 months prior to the synop 
tic study (fig. 17). By October, the streamflow had

  CALCULATED GROUND-WATER INFLOW BASED 
ON MEASURED UNGAGED FLOW

1985 1989

Figure 18. Difference between San Joaquin River flows measured at the Newman and Patterson sites from 
1986 to 1989.
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stabilized to about 880 ft3/s, compared to about 500 
ti?/s during the 1989 synoptic study. The river stage 
at Newman was 49.78 ft during the 1986 study and 
48.58 ft during the 1989 study for a difference of 
1.2ft.

Several factors could have caused relatively high 
water levels in the ground-water system in 1986:

(1) An abundance of irrigation water from 
surface-water sources in 1986, and shortages 
in 1989, may have resulted in differences in 
the total quantity of water applied during the 
two years;

(2) A low agricultural demand for ground water as 
a source of irrigation water in 1986 relative to 
1989 may have resulted in lower pumping 
rates in 1986; and

(3) Infiltration of flood water over large areas in 
1986 may have increased the hydraulic 
gradients toward the river.

If any combination of these factors resulted in a 
difference greater than 1.2 ft in water-table and (or) 
deep water levels, then ground-water inflow was 
greater in 1986 than in 1989, as the results of this 
study indicate.

CHEMICAL CHARACTER OF 
GROUND WATER

Ground-water inflow is a potential source of 
contaminants such as dissolved solids, selenium, 
boron, and molybdenum in the San Joaquin River 
(Kratzer and others, 1987). To evaluate the 
contribution of these contaminants to the river by 
ground water, an understanding is required of the 
chemical character of ground water in relation to the 
direction and magnitude of flow in different parts of 
the unconfmed ground-water-flow system near the 
river. Ground water sampled at each study site was 
grouped into hydrochemical facies, each of which is 
believed to include ground water with a common 
origin and generally similar chemical characteristics. 
The distribution and characteristics of hydrochemical 
facies, combined with the analyses of the ground- 
water-flow system, provide the basis for estimating 
the chemical character of ground water flowing into 
the San Joaquin River.

HYDROCHEMICAL FACIES
>

The ixmcept of hydrochemical facies, as described 
by Back (1966) and Hull (1984), is used to designate 
zones within a ground-water-flow system in which the 
water shares unique chemical characteristics. Ground 
water in each zone represents a hydrochemical facies 
that resulted from a particular combination of influ 
ences, ituch as lithology and mineralogy of aquifer 
sediments, flow patterns, and sources of recharge. 
The prefix hydro is used as a modifier of chemical 
to emphasize the interdependence of chemistry and 
hydrology. By considering ground water in relation 
to hydrochemical facies, the diverse chemical com 
positions of ground water near the San Joaquin River 
can better be understood in relation to factors gov 
erning composition, such as the sedimentary matrix 
holding the water and the sources of ground-water 
recharge.

Hydnochemical facies were determined by group 
ing ground water with similar chemical characteristics
at each 
sample 
back of

study site. Chemical characteristics of each 
analyzed for this study are in tables 9-12 (at 
report). Specific conductance was measured

periodically in observation wells from November 
1988 through August 1989; data for those wells with 
the most measurements are shown in figure 19. The 
steady i nature of specific conductance over time 
implies that the temporal variability of ground-water 
chemistry is minimal.

Each hydrochemical facies at a particular site is 
believed to have ground water with a generally 
similar hydrologic history. The primary criteria used 
for grouping individual ground-water samples accord 
ing to hydrochemical facies were stable-isotope com 
position and dissolved-solids concentration, selenium 
and boron concentrations, major-ion composition, and
tritium 
system.

distribution in relation to the simulated flow

STABLE ISOTOPES

Compositions of the stable isotopes of oxygen 
(oxygen-18) and hydrogen (deuterium) can be used as 
indicators to distinguish the source and evaporative
history of water. Both oxygen and hydrogen isotopes
are reported as ratios relative to the standard known
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Figure 19. Measured specific conductance in selected observation wells. See table 1 for explanation of 
well Identifier.

as Standard Mean Ocean Water (SMOW), in the per 
mil notation. The ratios of isotopes of oxygen and 
hydrogen in the vapor derived from seawater, the 
source of most precipitation, are relatively constant. 
However, as this vapor mass condenses and moisture 
precipitates, the heavier isotopes are removed in a 
greater proportion than the lighter isotopes. This 
process, known as isotopic fractionation, results in 
isotopic enrichment of precipitation and depletion of 
the vapor mass. The gradual depletion of heavy 
isotopes through repetitive rainfall as the vapor mass 
moves inland results in isotopic ratio values being 
more depleted inland than near coastal areas.

Oxygen-18 and deuterium are linearly correlated in 
precipitation with a slope similar to the Global 
Meteoric Water Line (Craig, 1961; Gat and 
Gonfiantini, 1981).

Biological processes, evaporation, freezing, and 
melting also contribute to isotopic fractionation 
(Freeze and Cherry, 1979). In particular, partial 
evaporation of water causes the ratio of deuterium to 
oxygen-18 to be lower than for precipitation because 
of greater enrichment in oxygen-18. When this 
occurs to varying degrees to water of similar ori 
gin, the slope of the relation between deuterium and
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oxygen-18 is lower than the slope of the Global 
Meteoric Water Line. Figure 20 shows the relation 
between deuterium and oxygen-18 for all samples 
analyzed for this study. As a group, the range of 
values generally parallels the Global Meteoric Water 
Line, indicating relatively little evaporative 
concentration.

Under natural conditions in the San Joaquin 
Valley, recharge from Coast Ranges runoff was less 
depleted in oxygen-18 and deuterium than Sierra 
Nevada runoff, resulting in generally greater degrees 
of isotopic enrichment in native ground water of 
the western valley compared to the eastern valley. In

places where evaporation occurred because of a 
shallow water table, oxygen-18 was further enriched. 
Davis and Coplen (1989) developed a general 
schematic showing deuterium levels in precipitation 
and runoff from the Coast Ranges to the Sierra 
Nevada (fig. 21). Table 7 shows oxygen-18 and 
deuterium compositions for imported irrigation water 
used in and around the study area (Delta-Mendota 
Canal and the California Aqueduct) and for the San 
Joaquin River at Patterson. Water at various positions 
in the ground-water-flow system near the river 
frequently is a variable mixture of water from these 
sources. For some samples collected during this 
study, the stable-isotope composition, combined with
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Figure 20. Relation between deuterium and oxygen-18 for all ground-water samples.
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Figure 21. Modern meteorological model. Delta deuterium values are shown in per mil. Individual 
delta deuterium values shown above Coast Ranges are -36 per mil for Santa Maria precipitation,
-42 per mil for Santa Clara Valley ground waters, -47 per mil for Hollister Valley ground waters, and
-58 per mil for runoff from Coast Ranges to the San Joaquin Valley. Individual values shown above 
Sierra Nevada are about -70 per mil for Auburn precipitation, -88 per mil for Big Meadow snow core 
(7,595 feet), and -1.38 per mil for Bishop Pass snow core (11,205 feet). Modified from Davis and 
Coplen (1989).

Table 7. Stable-isotope composition of imported 
irrigation water

Source of water

Delta-Mendota Canal1 . .
California Aqueduct1 . . .
San Joaquin River at 

Patterson2 .........

Delta
deuterium
(per mil)

. . . -73.4

. . . -71.8

. . . -68.0

Delta
oxygen- 18
(per mil)

-980
-955

-8.70

1 Median of at least 12 measurements from 1987 to 1988. 
^)ne measurement in 1989.

other characteristics, clearly indicates the source of 
recharge. For many samples, however, the range of 
possible mixtures results in no clear conclusion.

SELENIUM AND BORON

Selenium and boron were used to aid in identifying 
hydrochemical facies because of their significance to 
river-water quality and because of their varying geo 
logic sources and mobility under different conditions. 
Selenium is clearly associated with Coast Ranges geo 
logic sources and concentrations are low in Sierra 
Nevada-derived sediments (Tidball and others, 1987; 
Gilliom and others, 1989). Boron is present in about 
equal amounts in sedimentary (Coast Ranges) and 
igneous (Sierra Nevada) rocks (Deverel and Millard, 
1988).

Selenium and boron occur as mobile oxyanions in 
alkaline and oxic conditions typical of shallow ground 
water in Coast Ranges alluvium (Deverel and Millard, 
1988). Boron was equally correlated with dissolved
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solids in ground water in Coast Ranges alluvium and 
in basin-trough deposits in which Sierra Nevada 
sediments dominate. Selenium was not correlated 
with dissolved solids in the basin-trough area, 
indicating the likely effect of the lower concentrations 
of selenium in Sierra Nevada-derived sediments. In 
addition, selenium mobility is much more sensitive 
than boron mobility to redox conditions. Generally, 
little or no dissolved selenium is detected in ground 
water with even mildly reducing conditions. In this 
study, the presence of detectable nitrate is used as an 
indicator of the presence of oxic conditions. The 
analyses reported in table 10 are for nitrogen in the 
form of nitrite and nitrite plus nitrate; however, nitrite 
was always an insignificant contribution to the total 
nitrogen in the samples analyzed. The nitrite plus 
nitrate values will be referred to as nitrate concen 
trations. Boron is expected to be generally correlated 
with dissolved solids in a much broader range of 
geologic settings and hydrochemical facies that occur 
in the San Joaquin Valley compared to selenium, 
which may be correlated with salinity only in oxic 
water associated with sediments derived from the 
Coast Ranges.

MAJOR-ION COMPOSITION

The major-ion composition of ground water 
reflects the geochemical characteristics of sources of 
recharge and the subsequent effects of geochemical 
processes such as sorption and mineral dissolution 
that occur when ground water is in contact with soils 
and aquifer material. Generally, sulfate-dominated 
water with high dissolved solids is associated with 
western valley ground water that originated from 
Coast Ranges runoff or recharge of irrigation water 
through saline soils derived from the Coast Ranges. 
Sodium and calcium bicarbonate water with low 
dissolved solids is characteristic of eastern valley 
ground water that originated from Sierra Nevada 
runoff and recharge through soils derived from the 
Sierra Nevada (Davis and others, 1959).

The ionic composition of water is depicted by 
using trilinear diagrams (Piper, 1944). Trilinear 
diagrams show the relative contribution of each major 
cation and anion to the overall ionic content of 
the water and are a convenient method for identifying

water types. If one cation and one anion, such as 
sodium and bicarbonate, account for more than 50 
percent of the total ion charge of a sample, the water 
is referred to and characterized by those particular 
ions, in this instance, a sodium bicarbonate water. If 
there is no dominant cation or anion and the water 
contains a comparable amount of two or three 
different ions, the water is referred to as a transitional 
or nondominant water type.

TRITIUM

Tritium is a radioactive isotope of hydrogen that is 
often uged to determine the relative age of ground 
water. Large quantities of tritium were introduced 
into the environment through atmospheric nuclear 
weapons testing from 1952 through the early 1960's 
(Michel, 1990). Within the study area, tritium enters 
the ground-water system primarily by infiltration of 
irrigation water derived from surface-water sources 
and locally by seepage from surface-water bodies. 
The tritium concentration of water is expressed in 
tritium units (Tu}, where 1 Tu is the equivalent of 
1 3H atom in 1018 hydrogen atoms. The analytical 
method used in this study has a detection limit of 
0.8 ± d.8 Tu.

Prior to 1952, the tritium concentration in 
precipitation between 1 and 10 Tu occurred naturally 
(International Atomic Energy Agency, 1983). 
Recharge from surface-water sources that entered the 
ground-water system before 1952 presently would 
have a tritium concentration of less than 2 Tu because 
tritium decays over time, with a half life of 12.4 
years. Recharge from surface-water sources since 
1952 has had variable tritium, generally increasing 
to a peak in the 1960's and then decreasing after 
atmospheric nuclear weapons testing was ended 
(Michel, 1990). Figure 22 shows tritium concen 
trations currently (1989) expected in ground water 
that originated purely as recharge from surface water 
derived from precipitation during the indicated time 

These estimates are derived from Michelperiod. 
(1990) and have been corrected for radioactive decay
through 1989. Imported irrigation water used near the 
study aiiea presently has tritium concentrations ranging 
from 8,1 to 12.6 Tu (S.J. Deverel, U.S. Geological 
Survey, written commun., 1989).
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Figure 22. 1989 tritium levels expected in ground 
water that originated as precipitation during 
1953-83. Modified from Michel (1990).

HYDROCHEMICAL FACIES IDENTIFIED

Three general hydrochemical fades were identified 
among the three study sites, with varying degrees of 
consistency at each site and among sites. Consistent 
with the ground-water-flow analysis, which indicates 
substantial west-to-east flow at all sites, the Coast 
Ranges hydrochemical facies is the most prevalent 
facies among all three sites. The Coast Ranges facies 
generally includes ground water that originated as 
recharge west of the river through sediments derived 
from the Coast Ranges. There are, however, impor 
tant differences in the Coast Ranges facies among 
sites. A second hydrochemical facies, observed in 
shallow ground water at Newman and Crows 
Landing, is the flood-water facies, which is ground 
water believed to have originated as recharge of river 
water during high-flow conditions. The third hydro- 
chemical facies, which is based more on general 
hydrologic origin than chemical character, is the local 
irrigation facies. The local irrigation facies is repre 
sented by one or more wells at all sites, is most 
commonly the shallowest ground water on either side

of the river, and is believed to be water derived from 
local irrigation near the observation wells. In general, 
although there are important differences among sites, 
water of the Coast Ranges facies is the most saline, 
least depleted in oxygen-18 and deuterium, and has 
the highest selenium concentrations. The flood-water 
facies is lowest in dissolved solids, the most depleted 
in oxygen-18 and deuterium, and lowest in selenium. 
The local irrigation facies generally is intermediate 
between the Coast Ranges and flood-water facies.

NEWMAN SITE

Two hydrochemical facies were identified at the 
Newman study site. The most prevalent is the Coast 
Ranges facies, represented by samples from seven of 
the eight observation wells at the Newman site. This 
includes ground water sampled from all wells except 
for the shallowest well on the east side of the river, 
which was classified in the flood-water hydrochemical 
facies.

COAST RANGES FACIES

Samples of ground water representing the Coast 
Ranges facies at Newman (fig. 23) have relatively 
undepleted oxygen-18 (-8.20 to -8.05 per mil) 
and deuterium (-64.0 to -59.5 per mil) and relatively 
high dissolved-solids concentrations [1,820 to 4,620 
mg/L (milligram per liter)]. The ratios of delta 
deuterium to delta oxygen-18 are similar for all seven 
samples and indicate isotopic composition typical of 
ground water that occurs above the Corcoran day 
Member of the Tulare Formation in Coast Ranges 
deposits of the central and northern San Joaquin 
Valley (Davis and Coplen, 1989; Dubrovsky and 
others, 1991). The narrow range of delta deuterium 
(-64.0 to -59.5 per mil) indicates that all samples 
probably originated as recharge dominated by Coast 
Ranges runoff (fig. 21). However, the greater 
depletion in deuterium compared to Coast Ranges 
runoff (typically -58 per mil), combined with the 
presence of detectable tritium (fig. 23), indicates that 
these samples are mixtures of water from different 
sources and probably include San Joaquin River water 
or imported canal water used for irrigation in the 
area. The substantially greater dissolved-solids 
concentration and undetectable tritium in the sample 
from NE-107.5, despite other chemical characteristics
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and stable-isotope composition similar to other 
samples, indicate the possibility that this water 
originated as irrigation recharge prior to 1950 through 
saline west-side soils. At that time, soils of the area 
probably contained more abundant soluble salts than 
present-day (1990) soils because they had not been 
irrigated and leached for as long a period of time 
(Gilliom and others, 1989).

Boron concentrations in the Coast Ranges facies 
[800 to 3,300 u.g/L (micrograms per liter)] are 
correlated with dissolved solids (rank r=Q.67) but are 
independent of nitrate concentrations, suggesting that 
the relation between boron and salinity is relatively 
independent of redox conditions (fig. 23). In contrast, 
selenium (1.5 to 9 u.g/L) is not correlated with 
dissolved solids within the range of concentrations 
measured but is highly correlated with nitrate (rank 
^=0.76), indicating the association between selenium 
and oxidizing conditions within the Coast Ranges 
hydrochemical facies at the Newman site (fig. 23).

Anionic composition (fig. 24) varies little for 
samples representing the Coast Ranges hydrochemical 
facies, with all samples dominated by sulfate and 
chloride. Cation composition is not clearly dominated 
by any single cation or pair of cations except for the 
sample from well NE-107.5 in which sodium is 
dominant

Tritium concentrations measured in samples from 
the Coast Ranges facies indicate a general trend of 
high to low concentrations from west to east (fig. 23). 
This trend suggests a decreasing proportion of recent 
(since 1950) recharge from surface-water sources and 
thus increasing average time since recharge from west 
to east. In particular, tritium was undetectable in the 
deepest sample from the east side of the river (well 
NE-107.5) indicating no substantial presence of 
post-1950 recharge from surface-water sources at that 
position in the ground-water system.

The relatively consistent chemical composition of 
samples from the Coast Ranges facies at Newman and 
the distribution of tritium concentrations agree well 
with the flow-system analysis discussed earlier. 
Model results for the ground-water-flow system at 
Newman indicate that most ground water enters the 
study cross section from the west and then either 
discharges to the San Joaquin River or passes beneath

the rivejr to the east. This flow system is consistent 
with the occurrence of ground water of most recent 
origin On the west side of the river, the oldest ground 
water east of the river and at the greater depth, and 
ground water of intermediate age discharging to the 
river.

The dominant influence of Coast Ranges runoff 
and contact with Coast Ranges sediments on the 
chemical character of water in the Coast Ranges 
hydrocliemical facies is evidenced by the combination 
of (1) relatively undepleted deuterium, (2) high 
dissolved solids even though ratios of delta deuterium 
to delta oxygen-18 indicate little evaporation, (3) the 
presence of selenium, and (4) sulfate-chloride anion 
composition. These characteristics are consistent at 
all cluster sites even though four of the seven samples 
are from observation wells completed in the Sierran 
sand. Thus, the origin of the ground water as Coast 
Ranges runoff and (or) recharge through sediments 
derived from the Coast Ranges seems to be control 
ling its character much more than the sediment matrix 
it now resides in.

FLOOD-WATER FACIES

Thei sample of ground water representing the 
flood-water hydrochemical facies at Newman is 
characterized by relatively depleted oxygen-18 and 
deuterium and a low dissolved-solids concentration 
(fig. 22). The stable-isotope composition is different 
from trie samples from the Coast Ranges hydrochem 
ical facies. The depleted deuterium (delta deuterium 
of -79.0 per mil) is within the range of a mixture 
of eastern valley and Sierra Nevada precipitation and 
runoff (fig. 21). The stable-isotope composition and 
low dissolved solids indicate little or no evapora 
tive concentration and relatively little leaching of 
dissolved solids during recharge.

Both boron and selenium concentrations are low 
(490 and 0.4 u.g/L), as shown in figure 23. Com 
pared to the sample from well NR-7.0, which had 
similarly low nitrate (less than 0.1 mg/L), selenium is 
substantially lower (0.4 compared to 2 |ig/L). In 
addition to reducing conditions, this may result from 
the relative absence of selenium in the aquifer matrix
and the 
waters.

low concentrations of selenium in dilute flood
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Figure 24. Distribution of major ions at the Newman site.

Anionic composition is strongly dominated by 
carbonate plus bicarbonate, and cation composition 
is dominated by sodium (fig. 24). The relative 
unimportance of sulfate indicates the absence of 
influence of runoff or sediments derived from the 
Coast Ranges on this sample. The anionic compo 
sition is similar to Merced River water, which is 
predominantly Sierra Nevada runoff.

The tritium concentration of 8.4 Tu indicates a 
substantial component of recharge of surface water 
after 1950, most likely since 1970 (fig. 22). The 
recharge probably was from Merced and (or) San 
Joaquin River flood waters. The sample from 
NE-14.5 may be a mixture of flood-water recharge 
and underlying ground water. The area surrounding 
the observation well is not irrigated but was inundated 
with flood water from the Merced and San Joaquin 
Rivers during the high-flow conditions in 1986 
(table 2).
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PATTERSON SITE

Two hydrochemical facies were identified at the 
Patterson site. As at the Newman site, the most 
prevalent is the Coast Ranges facies. The second, 
less distinct type of water occurs at the shallowest 
depths sampled on both sides of the river. This 
shallow ground water is the local irrigation facies.

COAST RANGES FACIES

Samples of ground water representing the Coast 
Ranges facies at Patterson have moderately depleted 
oxygen-18 (-9.90 to -9.35 per mil) and deuterium 
(-71.5 to -76.0 per mil) and relatively high dissolved 
solids (2,200 to 2,520 mg/L) (fig. 25). The constant 
ratio of delta deuterium to delta oxygen-18 among the 
five samples indicates that evaporative concentration 
since recharge has been minimal or similar for all 
samples (fig. 21). The values of delta oxygen-18 and 
delta deuterium are similar to imported irrigation 
water used in the area, and delta deuterium is between 
typical values for Coast Ranges and Sierra Nevada 
runoff (fig. 21).

Boron concentrations are consistently high in the 
Coast Ranges facies at Patterson, ranging from 2,200 
to 2,500 u.g/L (fig. 25). Selenium concentrations are 
low in all samples with low nitrate (less than 0.1 to 
0.14 mg/L as N), but the highest selenium 
concentration measured in this study among all three 
sites (17 Lig/L) was measured at well PW-22.5, where 
nitrate was 1.3 mg/L (fig. 25). As was found at 
Newman, the presence of oxic conditions in the Coast 
Ranges facies favors high selenium concentrations. 
The relatively high selenium concentration of 17 Lig/L 
at Patterson is consistent with data for ground-water 
samples from two nearby production wells, which had 
11 and 13 Lig/L of selenium and were the highest 
selenium concentrations in a sampling of 44 pro 
duction wells in the northern part of the western San 
Joaquin Valley (Dubrbvsky and others, 1991). 
Dubrovsky and others (1991) discussed the possible 
origin of the elevated selenium in the area near 
Patterson.

The major-ion compositions of samples from the 
Coast Ranges facies vary little and indicate sodium 
and sulfate dominance (fig. 26). This composition 
indicates the influence of salts derived from the Coast 
Ranges.

The combination of tritium distribution (fig. 25) 
and the model analysis of the ground-water-flow 
system indicates that water of the Coast Ranges 
hydrochemical facies generally is moving from west 
to east, with discharge to the river and movement 
acros$ the valley trough. The particularly high tritium 
concentrations in wells PW-22.5, PW-89.0, PR-5.0, 
and PR-30.7 (19.0 to 29.7 Tu) probably result from a 
substantial component of irrigation recharge that 
occurred during the 1960's when tritium in precipita 
tion and runoff was highest (fig. 22). The sample 
from well PE-98.3 has lower tritium than the pre 
ceding samples but is farther along the simulated 
grounjd-water-flow path. This water probably origi 
nated as recharge during the late 1950's and early 
1960's.

Water of the Coast Ranges hydrochemical facies at 
Patterson, though originating as irrigation water that 
primarily is derived from Sierra Nevada runoff and 
presently residing in a Sierra Nevada sand aquifer 
matrix, has been most strongly affected by solutes 
derived from Coast Ranges sediments. Apparently, the 
high dissolved solids and sulfate dominance result 
from the leaching of soluble salts from sediments 
derived from the Coast Ranges during irrigation 
recharge. The low selenium in all but one sample 
probably is the result of the chemically reducing 
conditions.

LOCAL IRRIGATION FACIES

THe second, less distinct, hydrochemical facies 
observed at the Patterson site occurs in the shallowest 
ground water sampled on both sides of the river. 
This water probably is dominated by recent recharge 
from local irrigation. As indicated in table 2, the 
west Side of the river historically has been irrigated 
with river water and the east side by secondary waste- 
water and local irrigation water derived from Sierra 
Nevada runoff. Both sites were flooded in 1986.

stable-isotope composition indicates that 
shallow ground water on both sides of the river is 
more enriched in oxygen-18 and deuterium than 
imported irrigation water or flood water and that the 
values bracket the composition of typical river 
water (fig. 25). The low dissolved solids of the 
sample from well PW-11.5, however, suggest that
this is 
water,

not recharge of typical San Joaquin River 
which generally has greater than 500 mg/L of
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Figure 25. Distribution of constituents in water from observation wells at the Patterson site.

Chemical Character of Ground Water 43



WEST
FEET

75 -,

50 -

25 - 

SEALEVEL ~~

25 -

50 -

75 -

10O

PW 
TH            PR
1

*

410 Vr. -11. 

2,200 p 2,500

2,300 J

2,400

Boron, in micrograms

WEST
FEET

75 -,

50 -

25 -

SEA 
LEVEL "

25 -

50 -

75 -

1fifi

PW 
~3JT DD

i

0-3 x-_dt
<o.io   * o.o

17.0 [ 0.14

L3° <o.w
0.1

<0.10
Selenium, in micrograms per liter and nit)

WEST
FEET

75 -,

50 - 

25 -
SEA

LEVEL ~
25 -

50 -

75 -

100

PW-or-      - PR
1

<

16 V -H- __ _____ .
13 FTi

12*

9

Molybdenum, in micrograr

EAST

r 

PE
    -           

300

2300^

*

i

per liter

-

-
-

_^

EAST

PE

0.05
<0.10

0.1

I

<0.10 *
 ate, in milligrams per liter

-
_
-
-
-
^^
__

EAST

PE

"     " 1 *

8'

ns per liter

 

-

-
__
__

Figure 25. Continued.

dissolved solids at the Patterson site. This water 
could be a mixture of San Joaquin River water used 
for summer irrigation and flood waters recharged 
during 1986. The sample from well PE-9.5 was more 
evaporated, which is consistent with the particularly 
shallow water table at this site but also may have 
resulted from wastewater treatment

Both boron and selenium concentrations are low 
(fig. 25), which is consistent with the low 
dissolved-solids concentrations. Nitrate was not 
detected in either sample.
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Figure 26. Distribution of major ions at the Patterson site.

Shallow ground water on both sides of the river 
has an anionic composition dominated more by 
chloride and carbonate plus bicarbonate than by 
sulfate, which dominated in the Coast Ranges facies. 
This composition is consistent with either San Joaquin 
River water (fig. 26) or irrigation water from Sierra 
Nevada sources (Deverel and Fujii, 1988).

CROWS LANDING SITE

The distinctions among hydrochemical facies for 
ground water sampled at the Crows Landing site are 
not as clear-cut as for the Newman or Patterson sites. 
The three hydrochemical facies identified are the 
Coast Ranges, flood-water, and local irrigation facies.
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COAST RANGES FACIES

The single ground-water sample believed to 
represent the Coast Ranges hydrochemical fades is 
from well CW-97.7. This is the deepest ground water 
sample from the west side of the river at Crows 
Landing. This water has moderately depleted 
oxygen-18 and deuterium and the highest dissolved- 
solids concentration measured at Crows Landing 
(fig. 27). The delta deuterium of -68.5 per mil 
indicates that this water probably is a mixture of 
water originating from Coast Ranges and Sierra 
Nevada runoff (fig. 21).

The boron concentration at well CW-97.7 is high 
and, at 1,700 ng/L, falls within the range of the Coast 
Ranges facies at Newman (fig. 23) and Patterson 
(fig. 25). Selenium was detected at 1.0 n.g/L, even 
though nitrate was undetectable.

The major-ion composition at CW-97.7 (fig. 28) 
also is similar to the water of the Coast Ranges facies 
at Newman (fig. 24) and Patterson, (fig. 26). Anion 
composition is dominated by chloride and sulfate, and 
cation composition is dominated by sodium plus 
potassium.

The absence of detectable tritium (less than 0.8 Tu, 
fig. 27), combined with the ground-water-flow 
analysis that shows a strong component of west to 
east flow, indicates that the Coast Ranges facies at 
Crows Landing probably originated as pre-1950 
recharge through Coast Ranges sediments west of the 
study area. The chemical characteristics are within 
the range characteristic of semiconfined ground water 
west of the San Joaquin River (Dubrovsky and others, 
1991). The water sampled could be native ground 
water, recharge of irrigation water from local ground 
water or the river, or a mixture.

FLOOD-WATER FACIES

The flood-water facies is represented by shallow 
ground water sampled on the west side of the river 
(well CW-18.2) and by shallow ground water sampled 
from beneath the riverbed (well CR-5.0 and CR-20.0). 
Except for well NE-14.5, which also was identified as 
flood-water facies, samples from these wells have 
the most depleted oxygen-18 and deuterium among 
all sites. The isotopic composition is characteristic of

water dominated by Sierra Nevada runoff, although it 
is probably a mixture. The three samples have among 
the lowest dissolved-solids concentrations (534 to 
668 mg/L) but are higher than peak flood waters, 
which generally had dissolved-solids concentrations 
between 100 and 300 mg/L at Patterson (Shelton and
Miller, 1988).

Boron concentrations are low (320 to 620 ug/L) 
and follow the relative distribution of dissolved solids 
(fig. 27). Selenium concentrations also are low (less 
than 0.1 to 0.4 u,g/L), and the highest concentration 
occurred in the only sample with detectable nitrate.

The ground-water-flow system analysis indicates a 
much weaker gradient between ground water and the 
river than at the other study sites. Observations of 
water levels during the study showed that the gradient 
fluctuated in direction. These hydrologic conditions 
support the hypothesis that river water infiltrated the 
ground-water system beneath the river at high river 
stage. The tritium values in water of the flood-water 
facies 1'ange from 5.7 to 14.9, which is additional 
evidence that this water probably is recent recharge of 
surface water. In all respects, this water is similar to 
the wa;er sampled from NE-14.5, which also was 
classified as a flood-water facies.

LOCAL IRRIGATION FACIES

The local irrigation facies at Crows Landing is 
represented by samples from both observation wells 
on the east side of the river, CE-19.5 and CE-107.5. 
This area is irrigated regularly during the summer 
with San Joaquin River water and receives occasional 
drainage from a dairy, which also uses river water 
(table 2). The samples have moderately depleted 
oxygen-18 and deuterium (fig. 27), which is similar
to San
concentrations of 969 and 1,430 mg/L are within the
upper range of concentrations in river water at
Newmjin and Patterson during low-flow periods 
(Shelton and Miller, 1988).

aretypi
highei
water
selenium
with less
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concentration of 1.5 ng/L occurred in water 
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Figure 27. Distribution of constituents in water from observation wells at the Crows Landing site.
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Figure 27. Continued.

Major-ion composition does not clearly support the 
explanation that this ground water originated as San 
Joaquin River water. The relative contribution of 
sulfate to anion composition is substantially lower in

samples from CE-19.5 and CE-107.5 than in the San 
Joaquin River (fig. 28). This difference may be due 
to an alteration of ionic composition over time during 
residence in Sierran sand.
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Figure 28. Distribution of major Ions at the Crows Landing site.

The tritium distribution within the local irrigation 
facies at Crows Landing, combined with results from 
the ground-water-flow analysis, indicates a downward 
gradient on the east side of the river and shows that 
local irrigation recharge probably moves downward

and eastward. The tritium concentration of 12.4 Tu 
in well CE-19.5 is consistent with recharge since 
1970, whereas the concentration of 27.0 Tu in well 
CE-107.5 is indicative of recharge during the 1960's.
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QUALITY OF GROUND WATER FLOWING 
INTO THE SAN JOAQUIN RIVER

The quality of ground water now flowing into the 
San Joaquin River was estimated in two ways: by the 
water-balance analysis for the entire study reach and 
by combining ground-water-flow model results and 
the assessment of ground-water chemistry for each of 
the three study sites. The water-balance analysis has 
the advantage of applying to the entire reach and 
the disadvantage of being limited to salinity. The two 
water-balance synoptic studies yielded estimates 
of 1,730 uS/cm (October 1986) and 1,216 uS/cm 
(June 1989) as the average specific conductance of 
ground water flowing into the river between Newman 
and Patterson. Based on direct measurements of 
ground water, the site-by-site analyses provided 
independent estimates of the chemical character of 
ground water flowing into the river.

The average chemical character of ground water 
flowing into the river at each site was computed by 
using estimates from the layered flow model of the 
amounts of inflow from three parts of the unconfmed 
ground-water-flow system: the upper part west of the 
river, the upper part east of the river, and the lower 
part beneath the layer (table 6). The distributions of 
hydrochemical facies at each site in relation to the 
directions of ground-water flow were used to deter 
mine the chemical characteristics of each of the three 
components of total ground-water inflow. Con 
centrations for selected constituents were then 
computed as the flow-weighted average for each site.

NEWMAN SITE

For the Newman site, the layered configuration of 
the ground-water-flow model of the cross section 
yields a total flow into the San Joaquin River of 
1.8 (ft^/sVmi, with 74 percent from the deep part 
of the unconfined zone beneath the low-permeability 
layer, 13 percent from the shallow part west of the 
river, and 13 percent from the shallow part east of the 
river. Shallow ground water sampled west of the 
river was classified in the Coast Ranges hydro- 
chemical facies along with samples from all other 
locations along the cross section except for the 
shallowest sample on the east side of the river. Thus, 
ground-water inflow to the river is estimated to 
consist of 87 percent Coast Ranges facies (74 percent 
-i- 13 percent) and 13 percent flood-water facies.

For the seven samples included in the Coast 
Ranges facies, the median concentrations are 
2,210mg/L for dissolved solids, 1,400 ug/L for 
boron, 3 ug/L for selenium, and 2 ug/L for 
molybdenum. The median specific conductance is 
3,380 uS/cm. For the single sample of the 
flood-water facies, the concentrations are 381 mg/L 
for dissolved solids, 490 ug/L for boron, 0.4 ug/L for 
selenium, and 6 ug/L for molybdenum. The specific 
conductance is 604 uS/cm. Based on the median 
concentrations in the Coast Ranges facies, the 
flow-weighted average concentrations of contributions 
of waler from the two facies are 1,970 mg/L for 
dissolved solids, 1,280 ug/L for boron, 2.7 ug/L for 
selenium, and 2.5 ug/L for molybdenum. The 
average specific conductance is 3,019 uS/cm.

>WCROWS LANDING SITE

For the Crows Landing site, the layered 
configuration of the ground-water-flow model yields 
a total flow into the river of 1.1 (ft3/s)/mi, with 
27 percent from the deep part of the unconfined zone 
beneatti the layer, 63 percent from the shallow part 
west cf the river, and 10 percent from the shallow 
part east of the river. Shallow ground water sampled 
west of the river was classified in the flood-water 
facies, along with the samples from beneath the 
riverbed. At present, the flood-water facies probably 
best represent the character of ground water flowing 
into the river from the shallow flow system west of 
the river and from beneath the river, as a result of 
displacement towards the river by upward-flowing 
deeper ground water. Shallow ground water entering 
the river from the east was identified as the local 
irrigation facies. Ground-water inflow to the river, 
therefore, consists of 90 percent flood-water facies 
and 10 percent local irrigation facies, as characterized 
by the shallowest well sampled east of the river.

The three samples of the flood-water facies from 
west of the river and beneath the river have 
median concentrations of 558 mg/L for dissolved 
solids, 340 ug/L for boron, 0.2 ug/L for selenium, 
and 2 ug/L for molybdenum. The median specific 
conductance is 973 uS/cm. The single sample of 
shallow ground water of the local irrigation 
facies uast of the river has 969 mg/L for dissolved 
solids, 970 ug/L for boron, 3 ug/L for selenium, 
and 14 ug/L for molybdenum. The specific con 
ductance is 1,570 uS/cm. The flow-weighted average
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concentrations in simulated ground-water inflow to 
the river at Crows Landing are 599 mg/L for 
dissolved solids, 403 u,g/L for boron, 0.5 u,g/L for 
selenium, and 3.2 u,g/L for molybdenum. The 
average specific conductance is 1,033 u,S/cm.

PATTERSON SITE

For the Patterson site, the layered configuration of 
the ground-water-flow model simulates a total inflow 
to the river of 3.2 (ft3/s)/mi, with 67 percent from the 
deep part of the unconfined zone beneath the layer, 
17 percent from the shallow part west of the river, 
and 16 percent from the shallow part east of the river. 
Shallow ground water on both sides of the river was 
classified as local irrigation facies with substantially 
different salinities. Ground water in the deep layer 
and beneath the river was classified as Coast Ranges 
facies.

Samples of the Coast Ranges facies have medians 
of 2,290 mg/L for dissolved solids, 2,300 u,g/L for 
boron, 0.1 u,g/L for selenium, 11 u,g/L for 
molybdenum, and a median specific conductance of 
3,360 u,S/cm. The west and east side shallow ground 
waters have 374 and 745 mg/L for dissolved solids, 
410 and 300 u,g/L for boron, less than 0.1 and 
0.1 u,g/L for selenium, and 16 and 1 u,g/L for 
molybdenum, respectively. The specific conductances 
are 591 and 1,250 nS/cm. The flow-weighted 
average concentrations of inflow to the river are 
1,717 mg/L for dissolved solids, 1,659 u,g/L for 
boron, 0.1 u,g/L for selenium, and 10 u,g/L for 
molybdenum. The average specific conductance is 
2,552

AVERAGE QUALITY OF GROUND WATER FLOWING 
INTO THE RIVER

Constituent levels estimated for the three study 
sites were averaged on a flow-weighted basis using 
the estimated rates of ground-water inflow at each 
site. The average rate of ground-water inflow 
determined using the layered models of the three 
study sites is 2.0 (fr/s)/mi with a specific 
conductance of 2,230 u,S/cm. The site estimates that 
were averaged range from 1.1 to 3.2 (n^/symi and 
1,033 to 3,019 |iS/cm. These values compare to 
estimates from the synoptic water-balance studies of 
6.7 (ftVsymi at 1,730 u,S/cm in October 1986 and 
3.2 (ft3/s)/mi at 1,216 u,S/cm in June 1989. Thus, 
for 1989, the estimates for the study reach are 2.0 to

3.2 (ft3/s)/mi with specific conductance of 2,230 and 
1,216 u,S/cm. The dissolved-solids loads implied by 
these estimates are within 20 percent of each other 
(product of flow and specific conductance).

Average concentrations for dissolved solids, boron, 
selenium, and molybdenum can be estimated only 
from data for the three study sites because these 
constituents were not included in the synoptic 
water-balance studies. The flow-weighted average 
concentrations are 1,590 mg/L for dissolved solids, 
1,321 u,g/L for boron, 0.9 u,g/L for selenium, and 
6.6 u,g/L for molybdenum. The estimated specific 
conductance from die synoptic water-balance study 
indicates that salinity may be lower than represented 
by the three study sites, and thus these estimated 
concentrations particularly for dissolved solids and 
boron may be high.

The greater inflow and specific conductance 
estimated from 1986 data indicate that ground-water 
inflow and salt load may vary substantially as 
hydrologic conditions change. Ground-water pumping 
may be a key control on the quantity and solute load 
of ground-water inflow to the San Joaquin River. 
The model results suggest that an average of about 
76 percent of the total discharge from October 1988 
through August 1989 was to pumping wells and the 
remaining 24 percent to the San Joaquin River. This 
ground-water pumping, which is primarily east of the 
river, induces flow from west to east across the valley 
trough, as evidenced by the distribution of measured 
water levels and ground-water chemistry at the study 
sites. Because the period simulated was the third year 
of a drought, the ground-water pumping probably 
was relatively high resulting in relatively low 
ground-water inflow to the river. This is consistent 
with the results from the 1986 and 1989 surface-water 
synoptic studies, which indicate that ground-water 
inflow in 1986, which was a wet year, was about 
twice that in 1989.

Relatively high pumping rates in 1989 also could 
have had an effect on the quality of ground water 
flowing into the San Joaquin River. As a result of 
the high pumping rates, the percentage of 
ground-water inflow from the deeper part of the 
unconfined aquifer probably was lower than average. 
Because water in the deeper part of the aquifer was 
highest in dissolved solids, the concentration of 
dissolved solids in water flowing into the river should 
have been relatively low in 1989. This is consistent 
with the surface-water synoptic studies, which 
resulted in estimates of 1,730 u,S/cm for 1986 and 
1,216 uS/cm for 1989.
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SUMMARY AND CONCLUSIONS

Two approaches were used to estimate the quantity 
of ground-water inflow to a 19-mile reach of the San 
Joaquin River. The first approach was to develop 
ground-water-flow models of the unconfined zone at 
three sites on the 19-mile reach. The flow models, 
which are vertical cross sections oriented perpen 
dicular to the river, were based on three conceptual 
models for the distribution of aquifer materials that 
control vertical flow. The models were calibrated on 
the basis of water levels measured in clusters of 
observation wells at each site.

Two of the three conceptual models produced 
reasonable results; one of which proved superior in 
several respects. The best results were obtained using 
the layered model, which is based on assuming an 
isotropic homogeneous system except for one 
low-conductivity layer within 30 ft of the land 
surface. The layered models were used for deter 
mining the quantity of ground-water inflow coming 
from various parts of the unconfined zone at each 
site. The average ground-water inflow predicted 
by the layered models for all three sites was 
2.0 (f^/symi, with a range of 1.1 to 3.2 (ft^/mi. 
The model results indicate that during the study 
period ground-water pumpage was the dominant 
mechanism of ground-water discharge from the 
modeled cross sections, capturing an average of 
76 percent of the total recharge to the cross sections 
of the three sites. This pumpage induced significant 
flow from west to east across the valley trough.

The'second approach used to estimate the quantity 
of ground-water inflow along the 19-mile reach was 
based on a volumetric balance of measured surface- 
water flows. During synoptic studies in October 1986 
and June 1989, streamflow and specific conductance 
were measured at all known tributaries and diversions 
along the 19-mile reach and for the San Joaquin River 
at the Newman and Patterson sites, the endpoints of 
the reach. The estimated ground-water inflow was 
computed as the residual of the measured streamflow. 
Measured specific conductance provided an indirect 
assessment of the quality of ground-water inflow. 
Residual inflow and salt load were attributed to 
ground water.

Results for the 1986 synoptic study were 6.7 
(ft /s)/mi for ground-water inflow, with an associated

specific conductance of 1,730 itS/cm. The cor 
responding results for the 1989 synoptic study, done 
after 2.5 years of drought conditions, were 
3.2 (ftS/symi and 1,216 uS/cm.

The quality of ground water at the study sites was 
directly assessed through analysis of ground-water 
samples from observation wells installed at each site. 
Chemical analyses include tritium, stable isotopes, 
major ions, trace elements, and dissolved solids. 
Results) from the analyses were used to classify 
ground! water at each site into hydrochemical facies 
with common origin and chemical characteristics. 
Three hydrochemical facies were identified by the 
chemical characteristics and interpreted hydrologic 
history of the ground water sampled: the Coast 
Ranges, flood-water, and local irrigation facies. For 
each o' the three sites, the median concentrations of 
selected constituents were determined for each of the 
two or three hydrochemical facies present. The 
quality of ground-water inflow at each site was 
estimated by combining the results from the layered 
flow models with the concentrations of key constit 
uents present in the appropriate hydrochemical facies.

Ground water flowing into the 19-mile reach of 
the San Joaquin River was estimated to have the 
following average chemical characteristics: 
l,590mg/L for dissolved solids, 1,321 |ig/L for 
boron, 0.9 |ig/L for selenium, and 6.6 |ig/L for 
molybdenum. Specific conductance averaged 
2,230 iS/cm for estimated ground-water inflow at the 
three sites. The conclusion from the model analysis, 
indicating that eastward flow across the valley trough 
is significant, was reinforced by the chemistry and 
interpreted hydrologic history of the ground-water 
samples.

The 1989 dissolved-solids loads implied by the 
results of the surface-water balance approach and the 
ground-water flow model approach are within 
20 percent of each other. The results of the 1986 and 
1989 water-balance synoptic studies indicate that the 
quantity and quality of ground-water inflow may vary 
substantially with changing hydrologic conditions. 
The degree to which the constituent load may vary 
with clianging hydrologic conditions is an important 
consideration because 1989 did not represent typical 
conditions.
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Table S. Lithologic logs for wells at cluster sites 

[See table 1 for explanation of well identifier]

Depth (feet)

From To
Description

NW-107.5

Altitude of land surface, approximately 66.0 feet. Drilled with an auger rig by the U.S. Bureau of Reclamation, July 25 and 
26,1988. Total depth of borehole, 113.0 feet. Screen interval 105.0-110.0 feet

Clay, very silty, brownish gray (SYR 4/1), abundant rootlets; dry.

Sand (very fine), very silty, dark yellowish brown (10YR 4/2); dry.

Sand (very fine), very silty, abundant gravel, dark yellowish brown (10YR 4/2); dry.

Clay, very silty, brownish gray (SYR 4/1); dry.

Sand (very fine), moderately silty, dark yellowish brown (10YR 4/2), mica content increases with 
depth; dry.

Sand (medium to coarse), composed of predominantly quartz and some mica and interbeds 
of fine silty sand, moderate yellowish brown (10YR 5/4), sand coarsens with depth; damp.

Sand (coarse), pale yellowish brown (10YR 6/2), predominantly quartz and mica; saturated 
at 13.6 feet.

Clay, grayish green (5G 5/2) with some white (N9) and moderate yellowish brown (10YR 
5/4) mottling, occasional thin layers of very micacous clay, sharp contact with 
overlying sand; damp.

Clay, greenish black (5G 2/1) grading to dark greenish gray (5G 4/1), some layers of mica 
rich silt, 1-inch thick layer of coarse sand at 42.4 feet; saturated.

Sand (fine to coarse), dusky yellow green (5GY 5/2), predominantly quartz and mica, sand 
coarsens with depth; saturated.

Sand (fine to coarse), predominantly quartz and mica; saturated.

Core

0

1.7

3.0

3.5

4.9

8.3

12.0

28.3

1.7

3.0

3.5

4.9.

8.3

12.0

28.3

40.6

40.6

43.3

Cuttings

49.3

43.3

49.3

113.0

NR-20.0

Cuttings

River well jetted August 19, and September 9, 1988. Total depth, 20.0 feet, open ended.

0 6.5 Clay, medium bluish gray (5B 5/1).

6.5 9.0 Sand (medium to coarse).

9.0 17.0 Clay, yellowish gray (5Y 8/1). 

10.0 20.0 Sand, very silty, abundant mica.
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Table 8. Uthologic logs for wells at cluster sites-Conf/nued

Depth (feet)

From To
Description

NE-107.5

Altitude of land surface, approximately 58.0 feet. Drilled with an auger rig by the U.S. Bureau of Reclamation, June 13, 
1988. Total depth of borehole, 113.0 feet. Screened interval 105.0- 110LO feet.

Core

0

3.4

9.4 

13.4

15.9

18.4

23.4

25.4

26.2

29.5

31.4

Cuttings

33.4

3.4 

9.4

13.4

15.9

18.4

23.4

25.4

26.2

29.5

31.4

33.4

113.0

Sand (medium), grayish orange (10YR 7/4), composed of mostly quartz and moderate amounts of 
mica, loose; damp.

Sand (medium), grayish orange (10RY 7/4), composition similar to above, with evenly spaced 6-inch 
layers of micaceous sandy silt, layers are moderate yellowish brown (10YR 5/4), slightly 
cohesive; damp.

Sand and silty sand, alternating layers of olive gray (5Y 3/2) micaceous sand (medium to coarse) 
and silty sand (as much as 3,0 inches wide), cohesive; damp.

Sand (medium), slightly silty, olive gray (5Y 
saturated.

Clay, slightly sandy, olive gray (5Y 3/2), very

3/2), predominantly quartz and some mica, loose;

cohesive; saturated.

Sand (medium), silty, olive gray (5Y 3/2), silty Siind grading downward to sand with occasional wood 
chips, mica content increases with depth, slightly cohesive; saturated.

Clay, grayish green (5G 5/2) with moderate yellowish brown (10YR 5/4) mottling. 

Clay, pale olive (10Y 6/2).

Clay, yellowish gray (5Y 7/2) with dark yellowish orange (10YR 6/6) mottling and specks 
of light brown (5YR 5/6) and very pale orange (10YR 8/2).

Sand (medium) and clay, alternating layers of sandy clay, micaceous quartz sand, and clay; 
sandy clay is yellowish gray (5Y 7/2) with isnall patches of dark yellowish orange (10YR 6/6) 
color, sand and clay layers are yellowish gray (5Y 7/2); saturated.

Sand (medium), top section of sample is yellowish gray (5Y 7/2) and grade into light olive 
gray (5Y 5/2), composed of mostly quart E with abundant mica with occasional lamina of 
micaceous sand; saturated.

Sand (very fine to coarse), cuttings show siind grading in and out of coarse-grained sands; 
saturated.
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Table 8. Llthologlc logs for wells at cluster sites-Conf/nueaf

Depth (feet)
Description

From To

CW-97.7

Altitude of land surface, approximately 50.0 feet. Drilled with an auger rig by the U.S. Bureau of Reclamation, June 28 and 
29,1988. Total depth of borehole, 103.2 feet. Screened interval 95.2-100.2.
Core
0 1.5 Sand (coarse), pale yellowish brown (10YR 4/2), predominantly quartz with some mica, loose; dry.

I.5 2.3 Clay, some fine-grained sand; dry.

2.3 3.6 Sand (fine), some silt, moderate yellowish brown (10YR 5/4), loose; dry.

3.6 8.0 Sand (fine to medium grained), pale yellowish brown (10YR 6/2), predominantly quartz with
moderate amounts of mica, loose; dry.

8.0 8.9 Sand (very fine), very silly, moderate brown (5YR 4/4), oxidized burrows and lamina, crumbly; dry.

8.9 9.4 Sand (very fine), abundant silty clay, light brown (SYR 5/6), crumbly; dry.

9.4 12.2 Sand (medium), pale yellowish brown (10YR 6/2), loose; dry to 10.2 feet, damp thereafter.

II.4 13.9 Sand (fine), silt and wood chips, alternating layers sand, silt and wood chips up to 3 inches thick,
sand is medium gray (N4), silt is dark gray (N2), occasional thin lamina of very oxidized fine 
grained sand, slightly cohesive; saturated.

Cuttings

13.9 103.2 Sand (medium to coarse), between light bluish gray (5B 7/1) and medium bluish gray (5B 5/1),
predominantly composed of quartz and feldspar with moderate amounts of mica, loose; saturated.

____________________________CR-20.0_____

River well jetted September 2, 1988. Total depth, 20.0 feet; open ended. 
Cuttings

0 6.5 Sand (medium to coarse).

6.5 16.5 Clay. 

16.5 20.0 Sand.

___________________________CE-107.5_____________________ ____

Altitude of land surface, approximately 57.0 feet. Drilled with an auger rig by the U.S. Bureau of Reclamation, July 12 and 
13,1988. Total depth of borehole, 113.0 feet. Screened interval 105.0-110.0 feet.
Core

0 1.7 Clay, between dark yellowish brown (10YR 4/2) and dusky yellowish brown (10YR 2/2), abundant
rootlets very cohesive; dry.

1.7 2.5 Clay, moderately silty, yellowish gray (5Y 8/1), abundant rootlets dry and crumbly. 

2.5 3.0 Clay, very silty, yellowish gray (5Y 8/1); dry.
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Table ft. Lithologic logs for wells at cluster sites-Conf/nuecf

Depth (feet)
Description

From To

CE-107JS-Continued

Core-Continued

3.0 4.2 Sand (very fine), moderately silty, light brown (5Y 8/1), extremely oxidized; dry. 

4.2 7.8 Sand (very fine), some silt, pale yellowish brown (10YR 6/2), some oxidized patched; dry.

7.8 8.6 Sand (fine to medium), grayish orange (10YR 7/4), predominantly quartz and feldspar with 
some mica; dry.

8.6 13.8 Sand (medium to coarse), grayish orange (10YR 7/4), composition similar to preceding sample; 
slightly moist at 10.5 feet

13.8 20.0 Sand (coarse to very coarse), predominantly quartz and feldspar with some mica, no apparent 
oxidation, loose; saturated at 17.6 feet

20.0 20.3 Sand as abovet very oxidized.

20.3 21.5 Sand (very fine to fine), no apparent oxidation, occasional thin black lamina, loose; saturated.

Cuttings

21.5 113.0 Sand (medium to very coarse), no apparent oxidation, no clay observed, loose; saturated.

____________________________PW-89.0_______________

Altitude of land surface, approximately 45.0 feet. Drilled with an auger rig by the U.S. Bureau of Reclamation, June 7-9, 
1988. Total depth of borehole, 98.0 feet. Screened interval, 86.5-91.5 feet.
Core

  0 2.0 Sand (fine to medium), pale yellowish brown (10YR 6/2), composed of predominantly quartz with
some mica and yellow and orange grains, moderately well sorted; loose; sample dry.

2.0 5.8 Clay, moderately silty, dusky yellowish brown (10YR 2/2) with dusty brown (SYR 2/2) mottling and
some oxidized patches; an organically rich sandy clay lens (0.2 foot thick) at 5.6 feet deep; 
abundant animal burrows throughout top half of sample; very cohesive; slightly damp.

5.8 9.0 Sand (fine to medium), some silt, predominantly quartz with moderate amounts of mica, slightly
cohesive; slightly damp.

9.0 16.6 Sand (fine to medium), pale yellowish brown
composed of predominantly quartz with me derate amounts of mica, loose; saturated. 

16.6 17.0 Wood chips (as much as 0.4 inch), some medium-grained sand; saturated.

17.0 18.2 Sand (medium to coarse), predominantly quartz with moderate amounts of mica, some small clay
clasts (as much as 0.25 inch), loose; saturated.

18.2 32.0 Sand (medium to coarse), light bluish gray (5B 7/1), predominantly quartz and feldspar with moderate
amounts of mica, loose; saturated.

32.0 38.0 Sand (medium to coarse), light bluish gray (5B 7/1), predominantly quartz and feldspar with moderate

(10YR 6/2) to dark yellowish brown (10YR 4/2),

amounts of mica, occasional clay stringers
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Table 8. Llthologic logs for wells at cluster sites-Conf/nued

Depth (feet)
Description

From To

Cuttings
38.0 98.0 Sand (medium to coarse), light bluish gray (SB 7/1), predominantly quartz and feldspar with moderate

amounts of mica, very little clay observed, loose; saturated.

____________________________PR-30.7____________________________

River well jetted August 25, and September 2,1988. Total depth, 30.7 feet; open ended. 

Cuttings

0 19.5 Sand (medium to coarse).

19.5 24.5 Clay, dusky blue green (5BG 3/2), very dense, crumbly. 

24.5 30.7 Sand, (medium to coarse).

____________________________PE-983_________ _____ ___

Altitude of land surface, approximately 40.0 feet. Drilled with an auger rig by the U.S. Bureau of Reclamation, June 14 and 
15,1988. Total depth of borehole, 103.8 feet. Screened interval 95.8-100.8 feet

Core

0 3.5 Sand (medium), some silt, pale yellowish brown (10YR 6/2), composed predominantly of quartz,
moderate amounts of yellow, orange, and mica grains, slightly cohesive; slightly damp.

3.5 3.8 Sand (medium), moderately silty, pale yellowish brown (10YR 6/2), cohesive; damp.

3.8 8.5 Sand (medium), moderately silty, silt in top section of sample is pale yellowish brown (10YR 6/2),
olive gray (5Y 3/2) in middle section and alternating back to (10YR 6/2) in bottom part of 
sample; cohesive; very damp; sharp contact between sandy silt on the underlying sand at 8.5 feet.

8.5 9.5 Sand (medium to coarse), light bluish gray (5B 7/1) with occasional streaks of moderate yellowish
brown (10YR 5/4) sand, loose; saturated.

9.5 10.4 Sand (medium to coarse), moderate yellowish brown (10YR 5/4) with occasional streaks of light
bluish gray (5B 7/1) sand including small silty clay nodules, loose; saturated.

10.4 23.5 Sand (medium to coarse), light bluish gray (5B 7/1), predominantly quartz and feldspar with moderate
amounts on mica, some occasional clay layers, sand is loose; saturated.

Cuttings

23.5 103.8 Sand (medium to coarse), similar to previous sample; cuttings on deepest auger flight showed light
bluish gray (5B 7/1) clay.
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Table 9. Stable-isotope ratios and tritium 
concentrations

[TU, tritium unit; <, actual value is less than value shown]

Well 
identifier 

(see 
table 1)

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE-107.5

CW-18.2
CW-97.9
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

Delta 
Date deuterium 

(per mil)

11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88

11-16-88
11-16-88
11-16-88
11-16-88
11-16-88
11-16-88

11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88

-63.5
-63.5
-64.0
-59.5
-61.0
-79.0
-62.0
-62.5

-74.5
-68.5
-77.0
-78.0
-68.5
-74.0

-66.5
-74.0
-71.5
-76.0
-74.0
-63.5
-72.5

Delta 
oxygen- 18 
(per mil)
  i      

-8.15
-8.15
-8.20
-8.05
-8.10

-10.55
-8.20
-8.15

-9.85
-9.05

-10.50
-10.60
-9.20
-9.70

-9.05
-9.65
-9.35
-9.90
-9.75
-8.05
-9.50

Tritium 
(TU)

10.8
8.8

15.4
1.4
2.9
8.4
3.5
<.8

5.7
<.8

14.5
14.9
12.4
27.0

9.5
25.8
19.0
29.7
20.4
14.7
14.3
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Table 10. Analyses of ground-water properties and constituents

[Dissolved major ions are given in milligrams per liter; <, actual value is less than value shown]

WellT Y vll

identifier 
(see table 1)

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE-107.5

CW-18.2
CW-97.7
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

WeU 
identifier

(see table 1)

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE-107.5

CW-18.2
CW-97.7
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

pH,
1)816 (Sudani Calciul11 Mas1*8"1111 

units)

11-15-88
11-15-88
11-15-8^
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88

11-16-88
11-16-88
11-16-88
11-16-88
11-16-88
11-16-88

11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88

Date

11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88

11-16-88
11-16-88
11-16-88
11-16-88
11-16-88
11-16-88

11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88

7.1
7.6
7.4
7.5
7.5
7.9
7.5
7.8

6.9
7.5
7.2
7.0
7.3
8.0

7.2
7.5
7.4
7.7
7.6
6.6
7.5

Fluoride

0.2
.2
.2
.2
.2
.3
.2
.1

.3

.2

.2

.2

.9

.1

.4

.3

.3

.4

.4

.1

.3

250
180
160
170
160

14
120
150

63
99
57
50
42
82

21
160
170
180
170
75

170

Bromide

2.4
2.1
1.3
2.1
2.0
0.1
1.4
3.3

.2
2.2

.2

.3

.5

.6

.2
1.1
.9

1.0
1.0
.3
.8

170
150
140
130
120

9.7
110
160

42
56
26
24
25
43

12
130
110
140
120
45

110

Iodide

0.06
.08
.07
.32
.07
.06
.04
.13

.01

.45

.09

.07

.08

.12

.03

.12

.12

.13

.14

.10

.14

Sodium

540
440
350
330
320
110
330

uoo
95

380
100
100
280
400

89
450
400
430
410
110
390

Silica

27
26
26
25
28
37
27
25

24
36
38
30
32
33

31
24
26
23
26
26
25

Potassium

3.9
4.0
3.3
3.8
3.7
1.9
3.4
5.7

2.3
3.2
3.6
3.3
2.7
3.4

.9
3.9
3.6
4.2
3.7
3.0
3.7

Solids, 
sum of 
consti
tuents,

dissolved

3,220
2,570
2,210
2,120
2,040

381
1,820
4,620

668
1,600

558
534
969

1,430

374
2,460
2,230
2,520
2,290

745
2,200

Alkalinity,
carbonate, Sulfate 

field 
(as CaCO3)

443
364
413
226
246
226
289
272

282
130
253
220
449
507

148
497
443
514
462
174
438

Nitrogen, 
nitrite
(asN)

0.08
.03

<01
<.01
<.01

.04
<.01

.19

<.01
.05
.01

<.01
.03

<.01

<.01
.04

<.01
<01
<.01

.01
<.01

1,100
850
870
640
600

15
580

1,600

220
320
65
72

140
120

82
950
870
980
870
100
880

Nitrogen, 
nitrite 
plus

nitrate
(asN)

27
3.0
2.3
<.10
2.7
<.10
2.9
1.3

<.10
<.10

.13
<.10
7.1
<.l

<.10
1.3
<.10

.14
<.10
<.10
<.10

Chloride

730
680
400
680
640
48

460
1300

48
620
110
120
140
430

48
430
380
450
410
280
350

Phos 
phorus
nrthnUlUIUy 

/no P\v» r)

1.3
.14
.05
.09
.06

2.4
.09
.86

.05

.13

.94

.02

.82
2.2

.06

.04

.02

.02

.04

.04

.06
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Table 11. Specific conductance measured in observation wells

[Specific conductance in microsiemens per centimeter at 25 degrees Celsius;  , no data]

Well 
identifier 

(see 
table 1)

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE-107.5

CW-12.8
CW-18.2
CW-97.7
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

1988

Nov. 15-17 
field

4,640
3,820
3,150
3,380
3,200

595
2,690
6,420

__
1,024
2,600

910
850

1,480
2,290

574
3,440
3,120
3,420
2,980
1,170
2,890

Apr. 27 May 11 May 19

__
3,690

3,090

June

5,
3,<

1989

14

L70
560

June 30

__
3,730

July 14

_
3,640

July 27

__
3,820

3,410
3380
3,310

562
2,860

6,640 6,590

__
950 960

2,700

573 567 581 554
2,850
6,670

__
996

2J560
1,406

.. i;237

__
979

~
1,322

~

6,720

__
1,018

~
1,383

 

6,490

__
998

~
1,384

 
1J549
2J450

854

2,480

916

2,500

__

2,490

__
3,650
3<220

3,790
..

1,404

3,210 3,040 3,110
3|680

~
1*572

 
1,580

~
1,547

 
1,553

3,150

Aug. 15

5,130
3,620
3,310
3,540
3,280

560
2,920
6,410

__
994

2,700
1,381
1,266
1,772
2,490

995
3,600
3,070
3,650
3,300
1,527
3,140
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Table 12. Chemical analyses of dissolved trace elements

(Trace elements in micrograms per liter; <, actual value is less than value shown; --, no data]

Well
identifier

(see table 1)

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE-107.5

CW-18.2
CW-97.7
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

Well 
identifier 

(see table 1)

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE-107.5

CW-18.2
CW-97.7
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

Date

11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88

11-16-88
11-16-88
11-16-88
11-16-88
11-16-88
11-16-88

11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88

Date

11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88

11-16-88
11-16-88
11-16-88
11-16-88
11-16-88
11-16-88

11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88

Aluminum

20
<10

10
<10
<10
 

<10
<10

<10
<10
<10

30
120
170

<10
<10
<10
<10
<10

10
20

Iron

40
20
20

180
20

640
<10

10

2,300
20

1,400
690
130
210

49
160
340
80

520
 

1,600

Arsenic

3
3
1
3
2
3
2
7

1
2

40
3
4
9

4
2
5
1
3

16
3

Lead

<5
<5
<5
<5
<5
<5
<5
<5

<5
<5
<5
<5
<5
<5

<5
<5
<5
<5
<5
<5
<5

Boron

2,400
1,400
1,700

800
820
490

1,200
3,300

620
1,700

340
320
970
480

410
2,200
2,400
2,500
2,300

300
2300

Lithium

10
40
40
40
30
<4
40
60

17
30
13
8
9

20

8
100
120
100
110

18
100

Cadmium

<1
<1

2
<1
<1

1
<1
<1

<1
<1

1
<1

1
<1

<1
<1
<1
<1
<1

2
<1

Manganese

70
10
70

300
<10
120
<10

30

180
30

__
820
340
100

67
30
60

100
60

__
250

Chromium

4
20
10
2

20
3

20
10

1
2

<1
<1

2
1

2
2
1
1
1

<1
2

Mercury

<0.1
<.l
<.l
<.l
<.l
<.l
<.l
<.l

<.l
<.l
<.l
<.l

.4

.1

<.l
<.l
<.l
<.l
<.l
<.l
<.l

Cobalt

2
2
1
2
1
1
2
1

<1
1
4
3
2

<1

1
1
1
2
2
5

<1

Molyb 
denum

26
2

<1
5
2
6
1
5

2
7
4
1

14
7

16
13
9

11
12

1
8

Copper

2
1
1
1
1
2
1
1

<1
<1

1
1
3
1

1
<1

1
<1
<1
<1
<1

Nickel

7
3
4
4
2
3
2
2

2
2
7
3

__
3

3
6
1
3
1
7
1
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Table 12. Chemical analyses of dissolved trace elements-Conf/nued

Well 
identifier 

(see table 1)

NW-14.5
NW-47.5
NW-107.5
NR-7.0
NR-20.0
NE-14.5
NE-35.5
NE-107.5

CW-18.2
CW-97.7
CR-5.0
CR-20.0
CE-19.5
CE-107.5

PW-11.5
PW-22.5
PW-89.0
PR-5.0
PR-30.7
PE-9.5
PE-98.3

Date

11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88
11-15-88

11-16-88
11-16-88
11-16-88
11-16-88
11-16-88
11-16-88

11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88
11-17-88

Selenium Silver

9 <1.0
4 <1.0
2 1.0
2 <1.0
4 <1.0

.4 <1.0
3 <1.0
1.5 <1.0

0 <1.0
1 <1.0
.4 <1.0
.2 <1.0

3 <1.0
1.5 <1.0

.3 <1.0
17 <1.0

.1 <1.0
0 1.0

.2 <1.0
<.l <1.0

.1 <1.0

Strontium

2,900
3,300
2,700
2,800
2,600

190
2,000
2,900

860
1,400

670
480
480

1,200

180
2,700
2,900
3,100
3,000

750
2,900

Vanadium

25
20
10
15
15
26
13
48

<!
15
3
3

13
8

2
35
6
8
7
2
5

Zinc

<10
10
10
10

<10
8

<10
20

11
<10

20
13
17

<10

6
<10
<10

20
<10

16
<10
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