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Datums Used

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD
83).

Elevation, as used in this report, refers to distance above the vertical datum.

km, kilometer

km?, square kilometer

m, meter

m/d, meter per day

m/km, meter per kilometer

m/yr, meter per year

m?/d, cubic meter per day

mg/L, milligram per liter

mm, millimeter

pptv, parts per trillion by volume

K......- coarse-grained lithologic end member

K_,,.. Corcoran Clay

K.... hydraulic conductivity of fine-grained lithologic end member
K., horizontal hydraulic conductivity

K, vertical hydraulic conductivity between model layers
NAWQA, National Water-Quality Assessment

SF,, sulfur hexafluoride

TProGS, Transition-Probability Geostatistical Software
RMSE, root mean square error

SANJ, San Joaquin-Tulare Basins study unit of NAWQA
USGS, U.S. Geological Survey



Well-Numbering System

Wells are identified and numbered according to their location in the rectangular system for the subdivision of
public lands. Identification consists of the township number, north or south; the range number, east or west;
and the section number. Each section is divided into sixteen 40-acre tracts lettered consecutively (except |
and 0), beginning with “A” in the northeast corner of the section and progressing in a sinusoidal manner to
“R" in the southeast corner. Within the 40-acre tract, wells are sequentially numbered in the order they are
inventoried. The final letter refers to the base line and meridian. In California, there are three base lines and
meridians; Humboldt (H), Mount Diablo (M), and San Bernardino (S). All wells in the study area are referenced
to the Mount Diablo base line and meridian. Well numbers consist of 15 characters and follow the format
003S007E13A001. In this report, well numbers are abbreviated and written 3S/7E-13A1. The following diagram
shows how the number for well 3S/7E-13A1 is derived.
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Simulation of Multiscale Ground-Water Flow in Part of the
Northeastern San Joaquin Valley, California

By Steven P. Phillips, Christopher T. Green, Karen R. Burow, Jennifer L. Shelton, and Diane L. Rewis

Abstract

The transport and fate of agricultural chemicals in a
variety of environmental settings is being evaluated as part of
the U.S. Geological Survey (USGS) National Water-Quality
Assessment Program. One of the locations being evaluated is a
2,700-km? (square kilometer) regional study area in the north-
eastern San Joaquin Valley surrounding the city of Modesto,
an area dominated by irrigated agriculture in a semi-arid
climate. Ground water is a key source of water for irrigation
and public supply, and exploitation of this resource has altered
the natural flow system. The aquifer system is predominantly
alluvial, and an unconfined to semiconfined aquifer overlies
a confined aquifer in the southwestern part of the study area;
these aquifers are separated by the lacustrine Corcoran Clay.
A regional-scale 16-layer steady-state model of ground-water
flow in the aquifer system in the regional study area was
developed to provide boundary conditions for an embedded
110-layer steady-state local-scale model of part of the aquifer
system overlying the Corcoran Clay along the Merced River.
The purpose of the local-scale model was to develop a better
understanding of the aquifer system and to provide a basis for
simulation of reactive transport of agricultural chemicals.

The heterogeneity of aquifer materials was explicitly
incorporated into the regional and local models using infor-
mation from geologic and drillers’ logs of boreholes. Aquifer
materials were differentiated in the regional model by the
percentage of coarse-grained sediments in a cell, and in the
local model by four hydrofacies (sand, silty sand, silt, and
clay). The calibrated horizontal hydraulic conductivity values
of the coarse-grained materials in the zone above the Corcoran
Clay in the regional model and of the sand hydrofacies used in
the local model were about equal (30—80 m/d [meter per day]),
and the vertical hydraulic conductivity values in the same
zone of the regional model (median of 0.012 m/d), which is
dominated by the finer-grained materials, were about an order
of magnitude less than that for the clay hydrofacies in the local
model.

Data used for calibrating both models included long-term
hourly water-level measurements in 20 short-screened wells
installed by the USGS in the Modesto and Merced River areas.
Additional calibration data for the regional model included
water-level measurements in 11 wells upslope and 17 wells
downslope from these areas. The root mean square error was
2.3 m (meter) for all wells in the regional model and 0.8 m
for only the USGS wells; the associated average errors were
0.9 m and 0.3 m, respectively. The root mean square error for
the 12 USGS wells along a transect in the local model area
was 0.08 m; the average error was 0.0 m. Particle tracking
was used with the local model to estimate the concentration
of an environmental tracer, sulfur hexafluoride, in 10 USGS
transect wells near the Merced River that were sampled for
this constituent. Measured and estimated concentrations in the
mid-depth and deepest wells, which would be most sensitive
to errors in hydraulic conductivity estimates, were consistent.
The combined results of particle tracking and sulfur hexa-
fluoride analysis suggest that most water sampled from the
transect wells was recharged less that 25 years ago.

Introduction

The U.S. Geological Survey (USGS) National Water-
Quality Assessment (NAWQA) Program is studying the
transport and fate of agricultural chemicals in a variety of
hydrologic and agricultural settings across the nation. The
agricultural chemicals studied include those associated with
applied fertilizers, herbicides, and pesticides. One of these set-
tings is in the northeastern San Joaquin Valley near Modesto,
California (fig. 1). The regional-scale study area straddled the
valley floor and the local-scale study area was focused on a
small area along the Merced River south of Turlock (fig. 1).
These study areas are hereinafter referred to as “regional” and
“local.”
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Purpose and Scope

The purpose of this report is to summarize the hydrologic
settings of the regional and local study areas and document
the development and calibration of steady-state regional and
local ground-water flow models. These models support future
simulations and analyses of chemical mass balance, transport,
and fate. Additional information on the regional hydrologic
setting can be found in Burow and others (2004) and Gronberg
and Kratzer (2006). The model described in this report is an
updated version of the model described by Phillips and others
(in press).

Study Area Descriptions

The San Joaquin Valley is more than 400 km long, 40
to 90 km wide, and occupies the southern two-thirds of the
Central Valley of California (fig. 1). The valley floor is under-
lain by a structural trough filled with marine and continental
sediments up to 10 km thick (Gronberg and others, 1998). The
Sierra Nevada rise east of the valley to an altitude of more than
4,200 m; the Coast Ranges, having moderate altitude, form the
western edge of the valley. The San Joaquin River drains the
northern part of the San Joaquin Valley through San Francisco
Bay; the southern part of the valley is a hydrologically closed
basin.

The regional study area is about 2,700 km? in the north-
eastern San Joaquin Valley, bounded on the west by the San
Joaquin River, on the north near the Stanislaus River, on the
south near the Merced River, and on the east by the Sierra
Nevada foothills (fig. 1). Within the regional bounds is the
local study area, about 17 km?, located south of Turlock along
a reach of the Merced River (fig. 1).

Topography and Climate

The land surface in the regional study area slopes
westward from the Sierra Nevada foothills to the San Joaquin
River; gradients range from less than 1 m/km near the river to
more than 5 m/km in places near the foothills and adjacent to
streams and rivers, including the local study area (fig. 1). The
climate is semi-arid, characterized by hot summers and mild
winters; the rainfall averaged 315 mm annually from 1931 to
1997 during late fall through early spring (National Oceanic
and Atmospheric Administration, 2005).

Surface-Water Hydrology

The San Joaquin River is the central drainage for the
northern San Joaquin Valley and is the only major surface-
water outlet from the valley. The Stanislaus, Tuolumne, and
Merced Rivers drain the Sierra Nevada and are tributaries
to the San Joaquin River. All rivers in the study area have
been significantly modified from their natural state. Each has
multiple reservoirs for irrigation and power generation, which
effectively delay discharge of large amounts of snowmelt
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runoff. An extensive network of canals is used to deliver water
for irrigation.

Land Use

Agriculture is the primary land use, covering about 65
percent of the regional study area and about 80 percent of the
local study area. The primary crops in the regional study area
are almonds, walnuts, peaches, grapes, grain, corn, pasture,
and alfalfa. Modesto, Turlock, and a number of smaller urban
areas covered about 6 percent of the regional study area in
2000. The remaining area was predominantly natural vegeta-
tion near the foothills and in riparian areas (California Depart-
ment of Water Resources, 2001a,b).

Water Use

Agricultural irrigation supplied by surface water and
ground water currently accounts for about 95 percent of
the total water use in the region (Burow and others, 2004).
Surface-water supplies originate primarily from a series of
reservoirs in the Sierra Nevada foothills. These supplies are
managed by irrigation districts and delivered to agricultural
users through hundreds of kilometers of lined canals.

Most irrigation districts and private agricultural users also
pump ground water for irrigation; in addition, some districts
pump ground water to lower the water table in areas where it
has risen too close to the land surface to support agriculture
without active management. Private agricultural ground-water
pumpage is not measured in the regional study area but was
estimated in a water-budget analysis (Burow and others, 2004)
to be about 32 percent of total agricultural water use in water
year 2000 (October 1, 1999, through September 30, 2000).
Ground-water use is insignificant in the local study area,
where most irrigation water is delivered by canal or pumped
from the Merced River.

Urban water demand is met by surface-water and ground-
water supplies. Before 1995, the city of Modesto, the larg-
est urban area in the regional study area, used ground water
exclusively for public supply. A surface-water treatment plant
was completed in 1994, which now provides about one-half
of Modesto’s municipal and industrial water supplies. About
55 percent of urban water requirement was met by ground
water in water year 2000 (Burow and others, 2004).

On the basis of information from local drillers’ logs,
about 60 percent of wells in the study area are for domestic
use, followed by 27 percent for irrigation, 4 percent for public
supply, and 7 percent for test, stock, industrial, and other uses
(Burow and others, 2004). Well depths range from 7 to 368 m
below land surface; the median depth is 59 m. The median
depths below land surface to the midpoints of perforated
intervals in domestic, irrigation, and municipal wells are 47,
63, and 68 m, respectively. Fewer wells exist in the older sedi-
ments and terraces east of Modesto and Turlock and along the
San Joaquin River. The deepest wells are in the older sedi-
ments in the eastern part of the regional study area, and the
shallowest wells are in the western part and along the rivers.
Additional clusters of deep wells are in the urban areas.
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Site Descriptions

Clusters of monitoring wells were installed by the USGS
at two primary locations in the regional study area: urban
Modesto and the local study area. The wells in urban Modesto
were installed as part of a USGS national assessment of the
vulnerability of public-supply wells to contamination from
urban, agricultural, and natural sources (Eberts and others,
2005). The Modesto-area wells used in this study for model
calibration and the associated land use are shown in figure 2.
There are four clusters of monitoring wells consisting of 3
or 4 wells each; mid-screen depths ranged from about 10 m

near the water table to about 100 m. All well screens in the
Modesto area were 1.5 m. Twelve of these wells were instru-
mented using pressure transducers that recorded hourly water-
level measurements for periods ranging from 1 to 2.5 years.
Clusters of monitoring wells installed in the local study
area as part of this study were located at three sites along a
transect (fig. 3) that is roughly oriented in the direction of
ground-water flow toward the Merced River. The site at the
upper end of the transect (northern, up-gradient end) was in
an almond orchard. The middle site was between an upslope
almond orchard and a corn field (feed corn), and the site at the
lower end was in native vegetation at the edge of the riparian
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Figure 2.
regional study area, California.

Land use and description of U.S. Geological Survey (USGS) wells in Modesto, San Joaquin



zone (fig. 3) of the Merced River. Four to six wells at each site
were used for this study; mid-screen depths ranged from about
6 m near the water table to about 27 m for those screened
above the Corcoran Clay. Screen lengths for this group of
wells were 0.6 m except at the water table (1.5 m). One well at
the lower end of the transect was screened below the Corcoran
Clay at a depth of 53 m; the screen length was 3 m. Fourteen
of these transect wells were instrumented using pressure
transducers that recorded hourly water-level measurements for
periods ranging from 1 to 1.6 years.

120° 48’ 36" 120° 48’
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Conceptual Understanding of
Ground-Water System

The aquifer system in the regional study area is composed
of Tertiary and Quaternary alluvial deposits shed from the
surrounding Sierra Nevada and Coastal mountain ranges. The
basin-fill comprises coalescing alluvial fans, which tend to be
coarse grained near the mountains and finer grained toward the
center of the basin. The Corcoran Clay Member of the Tulare
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California.
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Formation is a lacustrine clay deposit that separates the basin-
fill deposits into an upper unconfined to semiconfined aquifer
and a lower confined aquifer throughout much of the regional
study area (Burow and others, 2004). The local study area is
underlain entirely by the Corcoran Clay.

Ground-water flow directions have changed and rates
have increased because of extensive development. Under
natural conditions, recharge occurred in the upper alluvial fans
where streams enter the basin, and ground water discharged to
the San Joaquin River and surrounding marshlands. Ground-
water pumping for irrigation and public supply combined
with delivery of surface water for irrigation has greatly altered
the distribution of recharge and discharge (Burow and oth-
ers, 2004). Ground-water flow has become more complex as
increased surficial recharge and ground-water withdrawal have
increased vertical flow in the system; water on a lateral flow
path may be repeatedly removed by pumping and reapplied at
the surface.

Geology

The Central Valley is a northwest-trending structural
trough between the Sierra Nevada and the Coast Ranges (Bar-
tow, 1991). The Sierra Nevada Range lies on the eastern side
of the valley, comprises primarily pre-Tertiary granitic rocks,
and is separated from the Central Valley by a foothill belt of
marine and metavolcanic rocks. The Coast Ranges lie on the
western side of the valley and are a complex assemblage
of rocks, including marine and continental sediments of
Cretaceous to Quaternary age (Gronberg and others, 1998).

The San Joaquin Valley can be divided generally into
three physiographic regions (fig. 1): the western alluvial fans,
the eastern alluvial fans, and basin deposits (Burow and oth-
ers, 1998). Alluvial fan deposits on both sides of the valley
are composed predominantly of coarse-grained sediments
near the head of each fan that become finer grained toward the
valley trough. The sediments in the eastern alluvial fan region
generally are more permeable than sediments in the western
alluvial fan region because sediment-source rocks and water-
shed characteristics are different between the two areas. The
basin deposits within the regional study area are a combination
of coarse-grained channel deposits and fine-grained deposits
from flood events.

Consolidated rocks and deposits exposed along the mar-
gin of the valley floor include Tertiary and Quaternary conti-
nental deposits (fig. 4), Cretaceous and Tertiary marine sedi-
mentary rocks, and the pre-Tertiary Sierra Nevada basement
complex (Piper and others, 1939; Davis and others, 1959).
The Mehrten Formation, the youngest of the Tertiary rocks,
is composed of volcanic-derived mafic rocks. Unconsolidated

deposits in the study areas generally comprise gravel, sand,
silt, and clay primarily derived from granitic sources, and most
are contained within the Pliocene-Pleistocene Laguna (not
mapped at the surface in study areas), Turlock Lake, River-
bank, and Modesto Formations, including the Corcoran Clay.
These are interspersed with minor amounts of Holocene dune,
stream-channel, and flood-basin deposits (Arkley, 1962; 1964;
Davis and Hall, 1959). The Turlock Lake, Riverbank, and
Modesto Formations form a sequence of overlapping terrace
and alluvial fan systems (Marchand and Allwardt, 1981) indi-
cating cycles of alluviation, soil formation, and channel inci-
sion that were influenced by climatic fluctuations and resultant
glacial stages in the Sierra Nevada (Bartow, 1991).

The Corcoran Clay, a lacustrine deposit that is a key sub-
surface feature in the San Joaquin Valley, is a Member of the
Tulare Formation (Croft, 1972). The Corcoran Clay has been
correlated with the E-clay (Page, 1986), the diatomaceous clay
(Davis and others, 1959), and the lacustrine clay within the
Turlock Lake Formation in the regional study area (Marchand
and Allwardt, 1981). Page (1986) used results of previous
work and a limited number of well logs and geophysical logs
to map the areal extent of this regional confining unit. Addi-
tional lithologic data were used recently to modify the mapped
extent of this prominent unit in the regional study area (Burow
and others, 2004). The eastern extent of the Corcoran Clay
roughly parallels the San Joaquin River valley axis (fig. 4). In
the regional study area, the top of the Corcoran Clay occurs
between 26 and 80 m below land surface and the unit has
a maximum thickness of 57 m. In the local study area, the
Corcoran Clay is encountered 40 m below land surface and is
about 18 m thick.

The Mehrten Formation is a key subsurface feature
tapped by wells in the eastern part of the study area (fig. 4).
The Mehrten Formation marks a change in lithology and
texture from overlying sediments of primarily unconsolidated
coarse-grained sediments of arkosic composition to primarily
consolidated sediments of volcanic-derived mafic materials
(Burow and others, 2004). The Mehrten Formation outcrops
in the eastern part of the regional study area and lies at least
120 m below land surface beneath Modesto.

Geohydrology

Aquifer Hydraulic Properties

Only limited information on the distribution and magni-
tude of aquifer hydraulic properties was available prior to this
study. One available ground-water flow model was developed
at a similar scale of investigation (Londquist, 1981), and it was
highly generalized spatially.
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Figure 4. Selected geologic units, San Joaquin regional study area, California.



8 Simulation of Multiscale Ground-Water Flow in Part of the Northeastern San Joaquin Valley, California

Single-well hydraulic tests—slug tests—were done in 18
shallow wells in the bed and on the banks of the Merced River
down-gradient from the local well transect as part of this study
(Zamora, 2006). The sediments tested ranged from silty sand
to well-sorted coarse sand, and computed hydraulic conductiv-
ity values ranged from 15 to 250 m/d and had a mean of
85 m/d. Slug tests done for a previous study in three wells
above the Corcoran Clay along the eastern bank of the San
Joaquin River within the regional study area were used to
compute hydraulic conductivities of 2, 24, and 53 m/d (Phil-
lips and others, 1992). The sediment types that these tests
represent are unknown.

Permeameter tests of cores from the Corcoran Clay
indicate vertical hydraulic conductivities ranging from
1 x 10 to 3 x 10% m/d (Page, 1977). Previous investigations,
however, indicate numerous wells screened across the Corco-
ran Clay have locally short-circuited the impedance to flow
across the clay layer and significantly enhanced intraborehole
flow through the clay (Williamson and others, 1989; Belitz
and Phillips, 1995). The vertical hydraulic conductivity esti-
mated by Belitz and Phillips (1995) for an area southwest of
the regional model, where the Corcoran Clay is about
100—240 m below land surface, is 1.6 x 10~ m/d.

Lithologic Distributions

Because available data on the hydraulic properties of the
aquifer system are scarce, material properties in this study
were estimated on the basis of the distribution of sediment tex-
ture or hydrofacies derived from drillers’ logs, geologic logs,
and geophysical logs. The regional texture distribution was
estimated using the general approach of Laudon and Belitz
(1991), which is easily applied to regional-scale problems. The
local texture distribution was estimated using a geostatistical
approach that incorporates factors related to the depositional
environments (Carle, 1996). Although this method is more
powerful than that of Laudon and Belitz (1991), it is difficult
to apply to many regional-scale problems, owing to regional
variability in depositional environments.

Regional Study Area

To facilitate this texture-based approach for the regional
model, a database was constructed as part of a cooperative
effort between the USGS and the Modesto Irrigation District
to organize information on well construction and subsurface
lithology in the study area (Burow and others, 2004). About
10,000 drillers’ logs were examined. Because sediment
descriptions on drillers’ logs can be ambiguous and widely
variable, a rating scheme was developed to select a subset of
about 3,500 logs for further use. The database contains litho-
logic and well-construction information, which was used to
vertically distribute ground-water pumping in the flow model.

A geostatistical approach was used to generate a het-
erogeneous hydraulic-conductivity field for the regional
flow model using the primary texture of sediments from the
database (Burow and others, 2004). Lithologic descriptions in
the database were expressed as a percentage of coarse-grained
sediment for 1-m depth intervals. These percentages were
then interpolated using three-dimensional kriging, with no
lateral anisotropy, over a grid equivalent to that of the regional
model in the horizontal dimension for successive 10-m thick
intervals in the vertical dimension. These values were then
interpolated over the variable-thickness model grid to obtain
an estimated distribution of sediment texture throughout the
regional model domain. A more detailed description of kriging
parameters is provided by Burow and others (2004). Estimated
texture distributions for depth slices below the land surface
are shown in figure 5. The estimated texture distributions were
well constrained by sediment texture data to a depth of about
50 m, reasonably constrained to 100 m, and poorly constrained
below 100 m. For the deeper parts of the aquifer system, for
which no data were available, the texture value in the lowest
layer estimated was duplicated in all underlying model cells.
These cell-by-cell texture values were used to generate the
distribution of hydraulic conductivity values as described
in the section “Estimation of Aquifer Hydraulic Properties,”
under “Ground-Water Flow Simulations.”

Local Study Area

The spatial distribution of sedimentary hydrofacies in the
local model area was simulated using Transition-Probability
Geostatistical Software (TProGS) (Carle, 1996; Carle, 1997,
Carle and Fogg, 1996; Carle and Fogg, 1997; Carle and oth-
ers, 1998). Using TProGS, probabilities of encountering one
defined hydrofacies next to another are determined from bore-
hole and (or) other raw data. Markov-chain models approxi-
mating these transition probabilities are used in 