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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square foot (ft?) 0.09290 square meter (m?)
Volume
gallon (gal) 3.785 liter (L)
cubic inch (in?) 16.39 cubic centimeter (cm®)
Flow rate
cubic foot per second (ft*/s) 0.02832 cubic meter per second (m?/s)
Mass
ounce, avoirdupois (0z) 28.35 gram (g)
pound, avoirdupois (Ib) 0.4536 kilogram (kg)

Hydraulic conductivity

foot per day (ft/d)

0.3048

meter per day (m/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(F-32)/18.

Datum

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.
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Abbreviations

GPS Global Positioning System
mGal milli-Galileo

Qls landslide deposits

Qoa old alluvium

Qsu younger sedimentary deposits
QTso older sedimentary deposits
Qvo very old alluvium

Qvy very young alluvium

Qya young alluvium

RTK Real Time Kinematic
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Well-Numbering System

Wells are identified and numbered according to their location in the rectangular system for the subdivision of public lands.
The identification consists of the township number, north or south; the range number, east or west; and the section number.
Each section is further divided into sixteen 40-acre tracts lettered consecutively (except | and Q), 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 San Bernardino base line and meridian (S). Well numbers consist of 15 characters and
follow the format 002S002W02M001S.

RANGE
RIE RIW R2W R3W R4W B SECTION 2
TIN SanBernardinoBas,‘eLine B R2W __——__——D C B A
_ 6| 5| 4|3)2]1
ns) g S e B B ] - E|F|G|H
= [ 2 7089 10| T 127~
§T23 | = N M L K J
2 = 18|17 16| 15| 14 | 13
; = ~N ~] ~
o T3S = ~ ~— T2S N
- @© ~ ~ N P 0 R
—E < ~__[19|20]|2n|2|23 % SO
T4S ng ~ ]
—S - 30 | 29| 28| 27|26 |25
58 N
~_ |31 |32(33|3|35| 36
N
Well-numbering diagram




This page intentionally left blank.



Geologic Structure of the Yucaipa Area Inferred from
Gravity Data, San Bernardino and Riverside Counties,

California

By Gregory 0. Mendez, V.E. Langenheim, Andrew Morita, and Wesley R. Danskin

Abstract

In the spring of 2009, the U.S. Geological Survey, in
cooperation with the San Bernardino Valley Municipal Water
District, began working on a gravity survey in the Yucaipa
area to explore the three-dimensional shape of the sedimen-
tary fill (alluvial deposits) and the surface of the underlying
crystalline basement rocks. As water use has increased in pace
with rapid urbanization, water managers have need for better
information about the subsurface geometry and the boundaries
of groundwater subbasins in the Yucaipa area. The large
density contrast between alluvial deposits and the crystalline
basement complex permits using modeling of gravity data
to estimate the thickness of alluvial deposits. The bottom of
the alluvial deposits is considered to be the top of crystalline
basement rocks. The gravity data, integrated with geologic
information from surface outcrops and 51 subsurface borings
(15 of which penetrated basement rock), indicated a complex
basin configuration where steep slopes coincide with mapped
faults—such as the Crafton Hills Fault and the eastern section
of the Banning Fault—and concealed ridges separate hydro-
logically defined subbasins.

Gravity measurements and well logs were the primary
data sets used to define the thickness and structure of the
groundwater basin. Gravity measurements were collected at
256 new locations along profiles that totaled approximately
104.6 km (65 mi) in length; these data supplemented previ-
ously collected gravity measurements. Gravity data were
reduced to isostatic anomalies and separated into an anomaly
field representing the valley fill. The ‘valley-fill-deposits
gravity anomaly’ was converted to thickness by using an
assumed, depth-varying density contrast between the alluvial
deposits and the underlying bedrock.

To help visualize the basin geometry, an animation of the
elevation of the top of the basement-rocks was prepared. The
animation “flies over” the Yucaipa groundwater basin, viewing
the land surface, geology, faults, and ridges and valleys of the
shaded-relief elevation of the top of the basement complex.

Introduction

This report presents gravity data collected in 2009 by the
U.S. Geological Survey (USGS), in cooperation with the San
Bernardino Valley Municipal Water District, to investigate the
subsurface structure and the depth to basement rocks beneath
the Yucaipa area of southern California. The city of Yucaipa
is about 12 miles (mi) southeast of the city of San Bernardino
and 75 mi east of the city of Los Angeles (fig. 1). Water-use
increases due to rapid urbanization and reductions in supply
due to drought have prompted water managers to have a need
for better information about the subsurface geometry and
boundaries of groundwater subbasins in the Yucaipa area. Pre-
vious groundwater investigations concluded that the Yucaipa
subsurface is partitioned into seven subbasins (Moreland,
1970) based on known faults and barriers to groundwater
flow; these operationally defined subbasins are in the Yucaipa
groundwater subbasin of the Upper Santa Ana Valley
groundwater basin delineated by the California Department
of Water Resources (2004; fig. 2). This report is a first step in
refining the picture of the Yucaipa groundwater basin and does
not update or revise previously defined subbasin boundaries.

The study area (fig. 1) extends from the San Andreas
Fault in the north to the San Timoteo Wash in the south and
from the Crafton Hills in the west to the Yucaipa Hills in the
east. Between the hills and mountains is a gently sloping
area of unconsolidated deposits, commonly referred to as
the Yucaipa plain. On the western side, the plain merges into
the San Bernardino area, and on the southeast side, the plain
opens to the San Gorgonio Pass. The Yucaipa plain ranges in
elevation from about 1,800 to 3,600 feet (ft) above sea level
and is surrounded by hills and mountains that range in eleva-
tion from about 3,000 ft in the Crafton Hills, to 5,000 ft along
the ridge of the Yucaipa Hills, to more than 8,000 ft in the San
Bernardino Mountains.

Lithologic logs and cores from multiple-well monitor-
ing sites, combined with gravity data, improved the ability
to evaluate the structure of the basement complex. The large
density contrast between the alluvial deposits and the base-
ment rocks permits using modeling of gravity data to estimate
the thickness of alluvial deposits. Geologic information from
surface outcrops and subsurface borings was used to constrain
and calibrate the alluvial-thickness model.
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Figure 1. Location of the Yucaipa area, California.



Introduction

117°05' nre
Qvy ) - A w-US =

34°05' —| o 1 2 MILES
| 1 | 1 |

[

0

I
1 2 KILOMETERS

/"

\J‘~ ;
E estern Heights~ 1 Mg
= >

e = -/ :
Qls \»
: Qsu Qvo N

Qsu

. /
L I I 1 I |
Base from U.S. Geological Survey Digital Geology from Morton and Miller (2006) Geology from Dibblee and
elevation data, 1:24,000; Universal Transverse Minch (2003, 2008)
Mercator Projection, Zone 11
EXPLANATION
Geology—~Grouped by major geologic time (Dibblee and Minch, 2003, 2008 and Morton and Miller, 2006).
Surficial deposits Younger sedimentary deposits Crystalline basement rocks
(Holocene to Pleistocene) (Pleistocene) (Pre-Tertiary)

Landslide deposits Younger sedimentary deposits Peninsular Ranges-type (in profiles)
Very young alluvium Older sedimentary deposits - San Gabriel Mountains-type
- . (Pleistocene to Miocene) .
Young alluvium - (Triassic)

) Older sedimentary deposits (including
- 0ld alluvium San Timoteo and Mill Creek formation)

Very old alluvium

California Department of Water Resources (DWR) groundwater subbasin boundary—Upper Santa Ana Valley, Yucaipa
subbasins, California Department of Water Resources, 2004; Bulletin 118—updated 2003.
------------------- Subbasin boundary—Faults and barriers (Moreland, 1970). Text in same color is subbasin name.
—— ——  Fault—Solid where accurately located; dashed where approximately located; dotted where concealed (Morton and Miller, 2006).
—————-+ Fault—Solid where accurately located; dashed where approximately located; dotted where concealed (Matti and others, 2003).
——————  Fault—Solid where accurately located; dashed where approximately located; dotted where concealed (California Division of Mines
and Geology, 2000).

San Bernardino Mountains-type

! rofile line—Letter designation is profile name, figure 7.
A A’ Profilel Letter d fil figure 7
o'l U.S. Geological Survey multiple-well monitoring site—Number refers to identification number in table 1.
o% U.S. Geological Survey multiple-well monitoring site that penetrates hasement rocks—Number refers to identification

number in table 1.

Figure 2. Geology of the Yucaipa area, California.
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Purpose and Scope

The purpose of this report is to identify the basin geom-
etry with respect to the alluvial deposits and underlying base-
ment rocks. The scope of the study included collecting gravity
data at a scale that would allow evaluation of the ridges and
valleys of the crystalline basement rocks. Gravity data from
this report are to be used to help design a hydrogeologic
framework model of the Yucaipa subbasins.

Geology

The Yucaipa area is underlain by unconsolidated and
consolidated sedimentary materials and flanked on three sides
by crystalline basement rocks that make up the local hills and
mountains (figs. 1, 2). For at least the last million years or
so, these upland areas have shed sediment into the lowland,
gradually producing the sedimentary fill that transmits and
stores groundwater beneath the Yucaipa area. This sedimen-
tary volume is not homogeneous; it has internal irregularities
caused by variations in layering and sediment properties, and
it is traversed by known and suspected faults that break the fill
and impede groundwater flow. These two factors—Ilithologic
variation and faulting—partition the Yucaipa subsurface into
multiple groundwater subbasins (Moreland, 1970). The pres-
ence of bedrock ridges in the subsurface, where sedimentary
deposits are thin, has been suspected to contribute to restrict-
ing groundwater flow between subbasins as well, but informa-
tion about the geometry of these features has been sparse.

The geologic structure and landforms of the Yucaipa area
are a result of regional tectonism. To the north of the Yucaipa
area, the San Andreas fault zone (fig. 1) is a major fault that
accommodates most of the relative motion between two
tectonic plates—the North American Plate on the northeast
and the Pacific Plate on the southwest (Harden, 1998). The
San Jacinto and Banning Faults (fig. 1) are major right-lateral
faults similar to the San Andreas Fault. Extension, or pulling
apart of the crust, has formed a sediment-filled graben between
the Crafton Hills fault zone and the Chicken Hill Fault (fig. 2;
Matti and others, 1992, 2003; Matti and Morton, 1993; Ander-
son and others, 2004). The deformation associated with these
faults has created several additional northeast-striking normal
faults, some of which are visible at the land surface; additional
faults have been inferred beneath the plain from geophysical
and groundwater data. The normal-fault structures contrast
with the Cherry Valley Fault at the southeast margin of the
Yucaipa area (fig. 3), a north-dipping thrust fault that is inter-
preted to be the westernmost extent of the San Gorgonio Pass
fault zone (Matti and others, 1992, 2003; Matti and Morton,
1993). In addition, not all faults are recently active and affect
all sediments. For example, the Banning Fault (figs. 1, 2) is
an old right-lateral strand of the San Andreas fault system that
probably has not been active in Quaternary time. The fault
trace is largely concealed, but Burnham and Dutcher (1960)
report calcareous spring deposits that they associate with the

fault’s trace. Fault data from three reports (California Division
of Mines and Geology, 2000; Matti and others, 2003; and
Morton and Miller, 2006) showed that the Yucaipa area is
structurally dissected.

The variety of geologic faults in the Yucaipa area results
in some groundwater barriers that define some subbasins
boundaries. Several groundwater subbasins were delineated
by Burnham and Dutcher (1960) on the basis of groundwater
occurrence and its movement within and between these faults
and barriers. Subsequent data required some modification of
the subbasin boundaries by Moreland (1970).

Geologic Units

The generalized surficial geology of the study area
(fig. 2) was defined by combining data from three previously
published geologic maps. The geologic map from Morton and
Miller (2006) covers most of the study area. Additional areas
are covered by the maps of Dibblee and Minch (2003, 2008).
Matti and others (2003) provided a more detailed description
of the geology of the Yucaipa area. In this report, previ-
ously mapped geologic units were combined into eight units
to simplify mapping of the exposed geology in the Yucaipa
groundwater subbasin: landslide deposits (Qls), very young
alluvium (Qvy), young alluvium (Qya), old alluvium (Qoa),
very old alluvium (Qvo), older (QTso) and younger (Qsu) sed-
imentary deposits, and basement complex rocks-San Gabriel
Mountains type (trb). Surficial geologic data primarily were
used to delineate the boundary between the basin-fill deposits
and the basement complex.

Crystalline Basement Rock

Crystalline basement rocks beneath the Yucaipa plain and
that form the hills and mountains surrounding Yucaipa on the
north, east, and west sides were deformed by ductile and brit-
tle-ductile processes. Crystalline basement rocks form a hard,
low-permeability foundation on which sedimentary material
was subsequently deposited. The basement rocks are divided
into three structurally and lithologically distinct groups (Matti
and others, 1992, 2003; Matti and Morton, 1993; Rewis and
others, 2006): (1) rocks of the Peninsular Ranges-type south
of the Banning Fault (prb), (2) rocks of the San Gabriel
Mountains-type between the Banning and San Andreas Faults
(trb), and (3) rocks of the San Bernardino Mountains-type
north of the San Andreas Fault (sbb). Basement rock of the
San Bernardino Mountains-type (sbb) is not discussed here,
because it lies exclusively northeast of the San Andreas Fault
and is outside the Yucaipa groundwater subbasins. Basement
rock of the Peninsular Ranges-type (prb) does not crop out in
the study area, but lies beneath the sedimentary deposits south
of the Banning Fault and consists of Mesozoic plutonic rocks
and older metasedimentary rocks. Generally, these rocks are
very hard; slightly to moderately weathered, where exposed in
the south of the study area; and not extensively fractured.
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Basement rock of San Gabriel Mountains-type (trb)
crops out extensively in the hills surrounding the Yucaipa
groundwater subbasins and in the subsurface is under the sedi-
mentary fill. In the Yucaipa area, this geologic unit consists
mainly of strongly foliated granitoid rocks, mainly of grano-
diorite to tonalite, that have been deformed by brittle-ductile
and ductile shearing (Matti and others, 1992, 2003; Morton
and Miller, 2006). Locally, the basement rock is intruded by
Tertiary dikes and sills. In general, basement rocks of the San
Gabriel Mountains-type, where exposed, are highly weathered
and have abundant and closely spaced fractures.

Sedimentary Deposits

Sedimentary deposits of the Yucaipa basin consist of con-
solidated sedimentary rocks (typically older and deeper in the
subsurface) and unconsolidated surficial sediments (typically
younger and in shallower parts of the subsurface). Although
these materials have diverse compositions and geotechnical
characteristics, for the purposes of this report the mapped
sedimentary deposits of Morton and others (2006) and Dibblee
and Minch (2003, 2008) were grouped into three categories
by major time period (fig. 2): (1) older sedimentary depos-
its (QTso0), (2) younger sedimentary deposits (Qsu), and (3)
Quaternary surficial deposits (Qvo, Qoa, Qya, Qvy, and Qls).

Older Sedimentary Deposits (QTso)

Deposits grouped in this unit consist of Miocene to mid-
Pleistocene deposits. The non-marine Miocene Mill Creek
Formation lies exclusively north of the San Andreas Fault
and does not underlie the Yucaipa groundwater subbasins. To
the south of the Yucaipa plain in the San Timoteo badlands,
grouped units consist of the late Miocene Mt. Eden beds of
Frick (Frick, 1921) and Pliocene to mid-Pleistocene members
of the San Timoteo Formation (Frick, 1921; Matti and Morton,
1993). Although they are exposed south of the Banning Fault,
this fault is likely to have terminated slip before deposition of
these formations (Matti and Morton, 1993), and these forma-
tions are likely to underlie the Yucaipa groundwater subbasins.
Although these deposits have considerable lithologic variabil-
ity, they are similar in their degree of compaction and cemen-
tation relative to younger sedimentary material.

Younger Sedimentary Deposits (Qsu)

Materials grouped in the younger sedimentary deposits
(Qsu) represent the upper member of the San Timoteo beds
of Frick (Frick, 1921; Rewis and others, 20006); this unit has
recently been reassigned by Matti and others (in review)
to “Sedimentary deposits of Live Oak Canyon” because it
developed in a synclinal trough north of the San Timoteo Bad-
lands about 1.2 million years ago. This deposit forms a thick,
sedimentary sequence that is extensive in the subsurface of the
Beaumont and Cherry Valley storage units to the south (Rewis

and others, 2006). In the study area, this lumped geologic unit
is primarily south of the Banning Fault and in the western part
of the Yucaipa groundwater subbasins (fig. 2). This deposit is
medium- to thick-bedded, moderately to well sorted, mod-
erately indurated, very fine- to coarse-grained sandstone
interlayered with subordinate pebbly sandstone and pebble to
small-cobble gravel.

Quaternary Surficial Deposits (Qvo, Qoa, Qya,
Qvy, and Qls)

During approximately the last 0.5 million years, multiple
cycles of deposition and erosion shaped the modern landscape.
Sedimentary deposits that accumulated during these cycles are
referred to as surficial materials because they are at the land
surface or in the shallow subsurface. Where exposed, they are
closely associated with landforms that include incised chan-
nels, alluvial-fan cones, and elevated terraces along active
stream channels. The materials are lithologically diverse, but
are characterized by a common trait—they largely are uncon-
solidated—that is, they have not been converted to consoli-
dated sedimentary rock through the processes of compaction
and cementation. Most of the alluvial deposits are composed
of several units ranging in age from early Pleistocene (very
old alluvium) to Holocene age (very young alluvium) (Matti,
2003). The very old deposits (Qvo) are of early to middle
Pleistocene age, and the older alluvial deposits (Qoa) are mid-
dle to late Pleistocene. Subsequent erosion of these moderately
to well-consolidated deposits has resulted in deeply incised
streambeds, such as the channels of Oak Glen and Yucaipa
Creeks. Isolated deposits of slightly consolidated younger allu-
vium (Qya) border parts of the stream channels and badlands.
Unconsolidated very young alluvium (Qvy) is in stream chan-
nels throughout the Yucaipa plain and is at its greatest extent
in the Western Heights subbasin. Landslide deposits (Qls) of
late to middle Pleistocene age and late Holocene age are in the
San Bernardino Mountains northeast of Crafton Hills and near
the San Timoteo Canyon.

Data Sets

Wells

Depth-to-bedrock and total drill-depth data for produc-
tion, irrigation, and multiple-well monitoring sites (drilled
by the USGS) were used for this study. The driller’ logs for
51 water wells (table 1; fig. 3) were used to constrain and
evaluate the gravity interpretations. Fifteen wells (highlighted
on table 1) were considered to have penetrated basement
rocks on the basis of the descriptions from drillers’ logs and
were used in the gravity inversion (see the following section).
Cores (fig. 4) collected from the bottom of two multiple-well
monitoring sites (well 10 drilled in June 1998 and well 28
drilled in June 2003; table 1; fig. 3) showed they penetrated



basement rocks. Logs and other data for the multiple-well
monitoring sites are available on the Yucaipa Project web page
(http://ca.water.usgs.gov/yucaipa/).

Reported depths-to-basement rock in driller logs have
uncertainties and are not always an accurate reflection of the
true depth to bedrock. Boulder and cobble layers in unconsoli-
dated sediments can be difficult to discern from a basement-
rock surface and can result in reported basement depths shal-
lower than actual ones. Conversely, weathered bedrock can
be difficult to distinguish from overlying semi-consolidated
alluvium. Based on available data, the depth-to-basement rock
at these locations are likely to be between what was reported
by the driller’s log and the depth estimated by the alluvial-
thickness model.

Gravity Survey and Reduction

Gravity measurements were made in 2009 at 256 new
locations along 20 profiles in the Yucaipa Basin, totaling
approximately 104.6 km (65 mi) of line distance (fig. 5).
Gravity measurements were collected at a station spacing
of approximately every 0.3 or 0.8 km (0.2 or 0.5 mi). The
primary gravity base station used for this survey was PB0508
(Roberts and Jachens, 1986), which is approximately 19.3 km
(12 mi) southeast of Yucaipa, in Bogart County Park, north
of Beaumont, California. Location data were collected at
all gravity-measuring points by using a Trimble® 4400 Real
Time Kinematic (RTK) Global Positioning System (GPS)
with a TSC-1 data controller. The RTK system was used
because of the poor vertical accuracy of a standard GPS. The
RTK system uses radio communication to broadcast real-
time corrections from the base station to a mobile (rover)
receiver to adjust variances to both X/Y, and Z locations at
the rover position. An accurate elevation at the measuring
point is critical for gravity data because of the large error
introduced by uncertainty in this value. This system is capable
of obtaining vertical and horizontal coordinates at a preci-
sion of plus or minus (+) 0.083 ft between receiver and base
by using traditional RTK methods described by Morton and
others (1993). The RTK survey was referenced to the North
American Vertical Datum of 1988 (NAVD88) by using con-
tinuously operating reference stations for Online Positioning
User Service processing. Local benchmarks were occupied as
a secondary reference.

The GPS data were exported and processed by using
Trimble® Survey Office version 1.52 by Trimble® Navigation
Systems Ltd. The gravity measurements were collected by
using a LaCoste and Romberg (L&R) model D-79 with
an Aliod 100 gravity meter connected by serial cable to a
Garmin® iQue model 3200 PDA. Raw gravity data were
processed by using GravMaster version 1.43 by Geotools
Corporation. The primary gravity base station used for this
survey was PB0508 (Roberts and Jachens, 1986), which is
approximately 12 mi southeast of Yucaipa, in Bogart County
Park, north of Beaumont, California. Five data collection
loops were completed from PB0508 with differences less
than 0.018 milli-Galileo (mGal) to establish a new, temporary
gravity base (YGB) in the study area.

Data Sets 7

These data supplemented 384 previous gravity measure-
ments (Snyder and others, 1982; Langenheim and others,
20006). Gravity data were processed to complete Bouguer
gravity anomalies by using standard gravity corrections
(Telford and others, 1990) that include (a) earth-tide correc-
tions, (b) instrument-drift corrections, (c) latitude-longitude
corrections, (d) free-air corrections, (¢) Bouguer correction,
(f) curvature corrections, and (g) terrain corrections. Gravity
data were reduced by using the Geodetic Reference System of
1967 (International Union of Geodesy and Geophysics, 1971)
and referenced to the International Gravity Standardization
Net 1971 gravity datum (Morelli, 1974, p. 18). An isostatic
correction was applied to the complete Bouguer gravity
anomaly value to remove the long-wavelength gravitational
effect of isostatic compensation of the crust due to topographic
loading. The isostatic correction used a sea-level crustal
thickness of 25 kilometers (km), or 16 mi; a crustal density of
2,670 kilograms per cubic meter (kg/m?); and a mantle-crust
density contrast of 400 kg/m? (Langenheim, 2006). The data
were gridded at a spacing of 200 meter (m), or 656 ft, roughly
the spacing of gravity stations along the detailed profiles, by
using a minimum curvature algorithm (Briggs, 1974). The
resulting gravity field is termed the isostatic residual gravity
anomaly (fig. 5).

Local terrain corrections were computed to a radial
distance of 167 km (104 mi) and involved a three-part pro-
cess: (1) Hayford-Bowie zones A and B with an outer radius
of 68 m (223 ft) were estimated in the field with the aid of
tables and charts; (2) Hayford-Bowie zones C and D with an
outer radius of 590 m were computed by using a 30 m digital
elevation model; and (3) terrain corrections from a distance of
590 m to 167 km (1,936 ft to 104 mi) were calculated by using
a digital elevation model and a procedure by Plouff (1977).
Total terrain corrections for the stations measured for this
study ranged from 2.0 to 9.6 mGal, averaging 3.4 mGal. If the
error resulting from the terrain correction is 5 to 10 percent of
the total terrain correction, the largest error from the terrain
correction expected for the data would be 1.0 mGal. The
error resulting from the terrain correction was small (less than
0.5 mGal) for most of the stations, however, because there are
minimal differences in relief among most of the stations.

Gravity Field

The gravity field of the study area (here expressed as
the isostatic residual gravity field) is complex and reflects the
density contrast between the dense basement complex and
the less dense valley-fill deposits (fig. 5). The most prominent
features on the gravity map are the high gravity values (greater
than —28 mGal) that coincided with basement exposures in
the Yucaipa and Crafton Hills and the relatively low gravity
values (less than —30 mGal) that coincided with the valley-fill
deposits of the Yucaipa Valley. The lowest gravity values (less
than —38 mGal) coincided with previous measurements made
in the badlands south of the Banning fault zone and delin-
eate the Beaumont Basin, which likely contains mostly older
consolidated Cenozoic sedimentary rocks (Langenheim and
others, 2005).
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Table 1.

State well number, station identification, local name, location, bore-hole depth, and depth-to-basement rocks for selected
wells in the Yucaipa area, California.

[See figure 2 for site locations. State well number, see “Well-Numbering System” in front of report. Highlighted rows are wells considered to penetrate bedrock.
Abbreviations: BLSD, below land surface datum; bw, below well; ft, feet; NAD, North American Datum; nd, no data; SMWC, South Mesa Water company;
USGS, U.S. Geological Survey; WHWC, Western Heights Water Company; YV6E, Yucaipa Valley 6th and E Street; YVDA, Yucaipa Valley Dunlap Acres;

Y VEP, Yucaipa Valley Equestrian Park; YVWC, Yucaipa Valley Wilson Creek; YVWD, Yucaipa Valley Water District]

_ Local Depth to Depth-to_—basement
M_ap State ) St_aflon_ name Latitude Longitude Bore-hole basement rocks gstlm:_:\ted from
site well identification and (NAD 83) (NAD 83) depth rocks alluvial-thickness
number number number number (ft BLSD) (_ﬂ) fl:om model
driller’s log (ft)

1 002S002W24E002  335911117025501 YVWD 35 33.9839  117.0502 1,000 bw 4,705
2 002S002W15A004 340003117042101 SMWC 7 34.0009 117.0737 800 bw 4,865
3 002S002W14R003  335924117031701 SMWC 4 33.9896  117.0552 1,000 bw 4,153
4 002S002W14MO001 335949117040601 SMWC 5 33.9968 117.0691 1,100 bw 5,372
5 002S002W14J002  335943117032001 SMWC 1 33.9953  117.0564 400 bw 3,913
6 002S002W14F001  335959117034501 SMWC 15 33.9997 117.0634 360 bw 4,552
7 002S002W14D001  340007117035601 SMWC 16 34.0020 117.0661 400 bw 3,918
8 002S002W14C001  340014117034301 SMWC 11 34.0039 117.0617 443 bw 3,720
9  002S002W12M001 340039117030301 SMWC 6 34.0108 117.0518 406 nd 1,545
10  002S002W12H001 340046117020801 YVEP 1 34.0128 117.0364 853 800 868
11 002S002W11D001  340057117040601 YVWD 10 34.0158  117.0692 518 bw 1,586
12 002S002W11B002  340103117033401 YVWD 12 34.0187  117.0602 600 bw 1,303
13 002S002W11B001  340057117032501 YVWD 2 34.0158 117.0585 638 bw 1,379
14 002S002W11A001 340105117031601 YVWD 24 34.0181 117.0553 590 bw 1,148
15 002S002W10B002 340106117045001 Hog Canyon2 34.0183 117.0814 700 bw 1,859
16  002S002WO09HO001  340053117051701 Palmer 34.0149  117.0882 350 bw 1,926
17 002S002WO08K001  340033117063101 Perez 34.0093  117.1088 352 bw 3,214
18 002S002WO05K001  340135117063001 WHWC 10 34.0264 117.1086 690 bw 1,429
19 002S002W04R001  340120117051301 WHWC9 34.0228 117.0877 600 bw 3,617
20 002S002W04L002  340130117054901 YVDA 1 34.0250 117.0971 1,107 bw 2,836
21 002S002W04J002  340135117051601 WHWC 5A 34.0264 117.0886 1,120 bw 3,264
22 002S002W04G004 340137117053501 WHWC 11 34.0271  117.0937 1,690 bw 3,052
23 002S002W03L001  340129117044201 Chicken Hill 34.0247  117.0792 505 bw 1,210
24 002S002W03J001  340132117041701 YVWD 49 34.0256 117.0714 1,198 bw 1,144
25%  002S002WO03E001  340418117045401 WHWC 6 34.0300 117.0825 599 bw 3,858
26 002S002WO02N0O1  340114117040501 YVWD 4 34.0203  117.0691 606 bw 1,445
27 002S002W02M001  340129117035101 YVWD 11 34.0247  117.0650 770 bw 1,586
28 002S002WO02F002  340136117033901 YV6E 1 34.0268 117.0609 930 900 913
29  002S002WO01K001 340124117021301 YVWD 50 34.0225 117.0411 352 bw 539
30 002S002WO1F001  340136117023701 YVWD 6 34.0268 117.0437 629 607 557



Table 1.

wells in the Yucaipa area, California.—Continued

Data Sets

State well number, station identification, local name, location, bore-hole depth, and depth-to-basement rocks for selected

9

[See figure 2 for site locations. State well number, see “Well-Numbering System” in front of report. Highlighted rows are wells considered to penetrate bedrock.
Abbreviations: BLSD, below land surface datum; bw, below well; ft, feet; NAD, North American Datum; nd, no data; SMWC, South Mesa Water company;
USGS, U.S. Geological Survey; WHWC, Western Heights Water Company; YV6E, Yucaipa Valley 6th and E Street; YVDA, Yucaipa Valley Dunlap Acres;

Y VEP, Yucaipa Valley Equestrian Park; YVWC, Yucaipa Valley Wilson Creek; YVWD, Yucaipa Valley Water District]

_ Local Depth to Depth-to_—basement
Map State Station . . Bore-hole basement rocks estimated from
site well identification n::(lle (I;:;_\':)u::) Ii:}fg:g: depth rocks alluvial-thickness
number number number number (ft BLSD) (_ﬂ) frlom model
driller’s log (ft)
31 002S001W09G001  340041117592001 YVWD 28 34.0124 116.9916 606 420 216
32 002S001WO8F001  340054117002901 YVWD 27 34.0148 117.0110 314 300 156
33*  002S001WOSE001  340054117004801 YVWD 15 34.0150 117.0133 145 129 161
34 001S002W36R001 340214117020901 YVWD 7 34.0372  117.0367 695 545 567
35 001S002W36N001  340215117025701 YVWD 5 34.0375 117.0492 523 bw 970
36  001S002W36G001  340236117023101 YVWD 46 34.0433  117.0428 1,150 bw 1,182
37 001S002W36F004  340239117024801 YVWD 56 34.0443  117.0476 1,100 bw 880
38 001S002W36F001  340233117023501 YVWD 18 34.0429 117.0444 596 bw 1,116
39 001S002W36A002 340248117020901 YVWC 1 34.0468 117.0359 862 bw 977
40  001S002W35H003 340223117031801 YVWD 55 34.0400 117.0559 1,070 1,050 1,165
41 001S002W25R004  340255117021601 YVWD 53 34.0486 117.0386 1,220 1,220 987
42 001S002W25M002 340316117025201 YVWD 9 34.0547 117.0467 780 154 169
43 001S002W25A001  340343117021201 YVWD 37 34.0620 117.0375 468 nd 267
44 001S002W13P001  340443117023501 Mill Creek 1 34.0786  117.0431 168 bw 262
45 001S001W32C001  340253117002701 YVWD 13 34.0480 117.0083 415 186 62
46  001S001W32A001 340249116595601 YVWD 14 34.0470  116.9994 160 39 5
47  001S001W30NO0O1 340257117015301 USGS 2 34.0492 117.0314 500 bw 932
48*  001S001W30G001 340328117012801 YVWD 22 34.0578 117.0244 550 bw 1,049
49*  001S001W30E001  340328117015901 YVWD 21 34.0578 117.0331 465 bw 688
50 001S001W27L001  340312116583901 YVWD 25 34.0533  116.9784 30 20 9
51*  001S001W19G002 340415117012701 YVWD 31 34.0708 117.0250 460 154 120

*Well is destroyed.
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Figure 4. Basement rock at map site 10 and 28 on table 1 (YVEP and YV6E) in the Yucaipa area, California.
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Computation Method for Modeling the
Thickness of the Valley-Fill Deposits

The thickness of the valley-fill deposits (or depth-to-
basement rock) throughout the study area was estimated by
using the method of Jachens and Moring (1990), modified
slightly to permit inclusion of constraints at points where the
thickness of the valley-fill deposits was known from direct
observations in boreholes. An initial estimate of the ‘valley-
fill deposits gravity anomaly’ was made by passing a smooth
surface through the gravity values at stations where the base-
ment complex rocks crop out (initial estimate of the ‘basement
gravity field’) and subtracting this from the isostatic residual
gravity field. This represents only the initial estimate, because
the gravity values at points on basement rocks that lie close to
the valley-fill deposits were influenced by the lower density
valley-fill deposits and are, therefore, less than they would
be if the valley-fill deposits were not present. To compensate
for this effect, the initial ‘valley-fill deposits gravity anomaly’
was used to calculate an initial estimate of the thickness of the
valley-fill deposits, and the gravity effect of these valley-fill
deposits was calculated at all of the basement gravity stations.
A second estimate of the ‘basement gravity field’ was then
made by passing a smooth surface through the basement
gravity values corrected by the valley-fill effect. This process
was repeated again until further steps did not result in large
changes to the modeled thickness of the valley-fill deposits
(usually five or six steps). The ‘valley-fill deposits gravity
anomaly’ was converted to thickness of the valley-fill depos-
its (fig. 6) by using an assumed density contrast that varied
with depth between the sedimentary deposits that make up the
valley-fill deposits and the underlying basement rocks (table 2;
Langenheim, 2006). The youngest surficial units were con-
strained to the upper layer of the assumed density-depth rela-
tionship, although this layer could incorporate older surficial
units that are exposed or shallowly concealed beneath a veneer
of younger deposits.

The prominent features on the valley-fill map are the
3,000-ft depression that coincides with the Western Heights
subbasin and the deep depressions (over 7,000 ft) south of the
Banning fault zone.

Depth-to-Basement Profiles

Five depth-to-basement profiles (figs. 74—E) were cre-
ated for the Yucaipa area by using the basement rock data and
digital elevation model. The profile transects were designed
to pass through or come close to the multiple-well monitoring
sites (fig. 6) because these wells have better lithologic infor-
mation than most production wells in the study area. Subbasin
boundaries (Moreland, 1970) and faults from several sources
(California Division of Mines and Geology, 2000; Matti and

Table 2. Assumed density contrast with depth in the Yucaipa
area, California.

[BLS, below land-surface datum; ft, feet; kg/m?, kilogram per cubic meter;
m, meters; >, greater than]

Depth range Depth range Density contrast
(ft BLS) (m BLS) (kg/m?)
0-328 0-100 =500
328-656 100-200 —400
656-1,968 200-600 -360
1,968-4,920 600-1,500 -300
>4.920 >1,500 -230

others, 2003; Morton and Miller, 2006) were added to the pro-
files to correlate modeled basement offsets with different fault
sources. In general, vertical or steeply dipping faults where
there are large offsets of material of varying density have steep
gravity gradients and generate large differences in modeled
alluvial thickness. An example is shown along the southern
part of the Crafton Hills and south of the Crafton Hills fault
zone (fig. 6). The orientation of faults that are oblique to, or
follow the profile are difficult to show on a two dimensional
profile, so both the profile and plan view should be used for
interpretation.

Profile A—A' starts near the San Andreas fault zone,
traverses the eastern portion of the Yucaipa valley, and termi-
nates south of the Cherry Valley strand of the San Gorgonio
Pass fault zone (fig. 74). The profile spans five subbasins and
crosses five faults at various angles, including intersecting the
western edge of the Yucaipa Graben Complex, where it meets
the Crafton Hills fault zone. The profile goes through one
multiple-well monitoring site and near three production wells
that penetrate the basement complex. From north to south,
prominent changes in bedrock elevation include a drop in the
basement surface of about 800 ft near the Yucaipa Graben
Complex and then a 250-ft rise to the Gateway Barrier, mark-
ing the northern edge of the Wilson Creek subbasin. South of
this barrier in the Wilson Creek subbasin, the basement sur-
face drops about 400 ft and then climbs 800 ft to a basement
high where the Casa Blanca and South Mesa barriers mark
the boundaries with the Oak Glenn and Calimesa subbasins,
respectively. Profile 4-A' depicts an irregular, but gradually
dipping, basement surface beneath the Calimesa subbasin; one
irregularity is an abrupt drop in the surface of about 700 ft,
which is associated with an unnamed fault identified by the
California Division of Mines and Geology (2000).

Profile B—B' starts in the Crafton Hills, traverses the cen-
tral part of Yucaipa Valley, and terminates south of the Cherry
Valley strand of the San Gorgonio Pass fault zone (fig. 7B).
The profile crosses six faults at various angles and includes
the Crafton and Calimesa subbasins. This profile starts in
exposures of the basement rocks and, at the Crafton Hills fault
zone, passes into sedimentary fill of the Yucaipa Basin. This
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Figure 7C. Schematics showing five profiles in the Yucaipa area, southern California. Profile line C-C'.
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Depth-to-Basement Profiles
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profile passes through a multiple-well monitoring site that ter-
minates in basement rocks (well 28) and continues south near
three production wells that do not encounter basement rocks
(wells 6, 8, and 12). Near the northern end of the profile, the
Crafton Hills fault zone coincides with a drop in the basement
surface of about 2,000 ft to the south, followed by a gentle

rise of about 200 ft to the Chicken Hill Fault. In the vicinity of
well 28 (table 1), the basement surface shows a 300-ft hump
(fig. 7B), which is the concealed westward extension of the
crystalline rocks exposed in the Yucaipa Hills. South of the
Banning Fault, gravity data indicated that the basement sur-
face drops 6,000 ft, relative to site 28, in one of several deep
depressions (fig. 6). Langenheim and others (2005) concluded
that the gravity low south of the Ban ning Fault in several
profiles could correlate to a similar gravity low associated with
the thick sedimentary fill at the northwest head of the Salton
Trough, and they proposed that the former has been displaced
away from the Salton Trough by dextral slip on the old Ban-
ning Fault.

Profile C—C" begins in the Crafton Hills, traverses the
Western Heights subbasin, and terminates near San Timoteo
Wash (fig. 7C). The north part of the cross section is anchored
in very old alluvium on the uplifted Crafton Hills block. To
the south at the Crafton Hills fault zone, the basement surface
drops by about 2,000 ft. Southward, the section traverses the
Western Heights subbasin, where there is a multiple-well
monitoring site (well 20); there are no other wells along sec-
tion C—C". The direction of displacement of the Chicken Hill
Fault is uncertain. Surface outcrops to the northeast of profile
C—C" indicate that the Chicken Hill has down-to-the-north,
normal-slip displacement (Matti and others, 2003). However,
in section C—C", the Chicken Hill Fault appears to coincide
with a down-to-the-south drop of the basement surface of
about 700 ft. The geologic structure is complicated in this
area, and it is possible that a down-to-the-north drop along the
Chicken Hill Fault was masked by the larger drop to the south
of a basement depression. Farther south, section C—C’ shows
the basement surface dropping into a depression deeper than
7,000 ft below land surface; the depression was correlated
with a gravity low associated with the thick sedimentary fill
at the northwest head of the Salton Trough (Langenheim and
others, 2005). This rapid change in depth to basement appears
to coincide with the Banning Fault, an old dextral strand of the
San Andreas fault system (Matti and others, 1992; Matti and
Morton, 1993).

Profile D-D' begins southwest of Dunlap acres (fig. 3),
traverses the northeastern portion of the valley, and terminates
at the San Andreas fault zone (fig. 7D). The profile crosses five
subbasins: Western Heights, Crafton, Wilson Creek, Oak Glen,
and Triple Falls Creek. It also crosses several faults or barriers
at various angles and is parallel to the Chicken Hill Fault in
the central part of figure 7D. The profile follows the Oak Glen

Limitations 19

and Wilson Creek channels to the east. The profile passes
through two multiple-well monitoring sites (wells 20 and 39;
table 1; fig. 3) and passes near seven production wells; none of
the driller logs of the wells reported bottom material consis-
tent with basement rocks. From southwest to northeast along
profile D-D', the basement surface drops about 2,000 ft from
the Banning Fault across the Western Heights subbasin to the
Chicken Hill Fault, then rises about 2,800 ft across the Crafton
subbasin, rises another 500 ft across the Wilson Creek subba-
sin, and then climbs another 1,200 ft across the Oak Glen sub-
basin. In the upper Oak Glen subbasin, the basement surface
shows a local depression (fig. 7D) that is partially connected
to a trough in the basement surface to the west and southwest;
this bedrock valley could potentially facilitate groundwater
movement to the southwest along Wilson Creek.

Profile E—E’ begins southwest of Dunlap Acres, traverses
the Yucaipa Valley, and terminates in the hills east of Yucaipa
(fig. 7E). The profile crosses three subbasins: Western
Heights, Calimesa, and Oak Glen, and crosses four faults
(two faults at one location) at various angles. This profile
follows the Yucaipa Creek through Wildwood Canyon to the
east. The profile passes through a residential well and near
four production wells, two of which penetrate the basement
rocks (wells 31 and 32), and one multiple-well monitoring
site (well 10) that also terminates in the basement rocks.
From west to east, the basement surface drops 900 ft to a
local low along the Banning and Chicken Hills Faults in the
Western Heights subbasin, then climbs 1,500 ft to the barrier
at the west edge of the Calimesa subbasin. The basement
surface continues to climb about 3,000 ft across the Calimesa
subbasin, except for a trough that coincides with an unnamed
fault (California Division of Mines and Geology, 2000).

Limitations

There are basic uncertainties intrinsic to this gravity anal-
ysis. Limitations in data collection, processing of the gravity
data, and alluvial thickness modeling, indicated that the best
resolution that can be expected, even in areas of good gravity
coverage, is about £50 ft, and resolution is likely to be less
in areas of poor gravity coverage or in areas either far from
the basement outcrop or from control points where no wells
reporting basement rocks were available. The lack of agree-
ment at any site could also reflect uncertainties from inter-
pretations of lithology from descriptions provided in drillers’
logs as well as the spatial averaging of gravity data. Use of the
mud-rotary method to drill wells can obscure the cuttings, and
it can be difficult to distinguish valley-fill deposits from gran-
ite or decomposed granite. Drillers’ log data from some wells
could incorrectly report basement complex, when actually
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drilling in decomposed granite or a large boulder. Also, spatial
averaging in the predicted depth to basement can cause inac-
curacies because the calculations were averaged on a 656-ft
grid spacing. Results represent averages of the thickness of
the valley-fill deposits for the area of the grid cell. Variations
in the thickness of valley-fill deposits over distances less than
a cell-dimension are not resolvable. Basement location based
on the proximity of wells to the western margin of the basin
either in the Chicken Hill fault zone or in the Yucaipa Graben
Complex might not compare with basement location predicted
by the gravity inversion because of spatial averaging. Gravity
data reflect the average shape of the causative body (in this
case, the thickness of the valley-fill deposits), and the aver-
aging becomes more pronounced farther from the measure-
ments. As a result, places where the valley-fill deposits are the
thickest were subject to greater degrees of averaging and, thus,
appear smoother than areas where the valley-fill deposits are
thinner.

Results

The alluvial thickness model developed from gravity data
for this study yielded an estimated thickness of the valley-fill
deposits, or depth-to-basement rocks, ranging from 0 ft in
the Crafton Hills and the hills east of Yucaipa to more than
3,000 ft beneath the Yucaipa plain. Valley-fill deposits between
the Crafton Hills fault zone and Chicken Hill Fault show a
depression of more than 3,000 ft, which coincides with the
Western Heights subbasin. Basement rocks of the Peninsular
Ranges type south of the Banning Fault are more than 7,000 ft
beneath land surface.

The depth-to-basement values were reviewed for analyti-
cal accuracy and precision by comparing the depth estimates
to actual values in wells that penetrate basement rocks. The
estimated thickness of the valley-fill deposits at multiple-well
monitoring site 2S/2W-2F2 (well 28 in table 1; fig. 3), which
penetrates the entire thickness of the valley-fill deposits,
disagrees with the observed thickness by 150 ft. This disagree-
ment is likely due to the large amount of fractured bedrock in
this area. The estimated thickness of the valley-fill deposits
at multiple-well monitoring site 2S/2W-12H1 (well 20 in
table 1; fig. 3), which terminates in the basement complex,
agrees with the observed thickness to within 48 ft. Electric
logs from both of these monitoring wells showed an increase
in resistivity where the lithologic logs identified basement
rocks. Basement rocks were verified by cores (fig. 4) from the
bottom of these two monitoring-well sites. Our gravity-based

depth-to-basement estimates did not match the reported values
in all cases. We attributed these discrepancies to the paucity of
gravity measurements in this area.

Another measure of the reliability of the gravity inversion
can be obtained by comparing the estimated thicknesses with
the total well depths at those wells that did not penetrate the
basement rocks. The estimated thickness of valley-fill deposits
at all 36 wells where basement was not encountered was
greater than the total well depth at those sites (table 1).

The gravity data and resulting depth-to-basement map
provide a new understanding of structures that could influ-
ence groundwater flow in the Yucaipa groundwater subbasins.
A buried basement structure between the Wilson Creek and
Calimesa subbasins that constrains flow between these subba-
sins is shown in profile A—A4' (fig. 74). The toe of this structure
can also be seen at well 28 (monitoring well YV6E-1) in
profile B—B' (fig. 7B). An unnamed fault (California Divi-
sion of Mines and Geology, 2000) coincides with a step in
the basement surface in profiles 4-A4' to C—C'. Profile C—C’
(fig. 7C) shows a 500-ft step in the basement surface near the
Chicken Hill Fault and a depression of more than 4,000 ft in
the basement surface south of the Banning Fault. Profile D-D’
(fig. 7D) shows a 2,000-ft drop in the basement surface that
then rises 2,800 ft to the Crafton subbasin. The basement
surface climbs 1,200 ft from Wilson Creek to the Oak Glen
subbasin. The Oak Glen subbasin shows a large area in the
old alluvium where groundwater can flow southwest toward
Wilson Creek subbasin. Profile E-E’ (fig. 7E) has a 3,000-ft
drop in the basement surface in the Calimesa subbasin and
another 2,500-ft drop in the basement surface in the Western
Heights subbasin.

Animation of Alluvial Thickness Model

The elevation of the top of the basement rocks was cal-
culated by subtracting the modeled thickness of the valley-fill
deposits at each gravity grid node from the average land-
surface elevation at that grid node. To help visualize the basin
geometry, an animation of the elevation of the top of the base-
ment rocks was developed. The animation allows the viewer
to “fly” over the Yucaipa groundwater basin viewing the land
surface, geology, faults (color coded as on figs. 1-5), wells in
different subbasins in the Yucaipa study area, and the ridges
and valleys of the shaded-relief elevation of the top of the
basement complex. The animation and associated explanation
are shown on fig. 8 (click on fig. 8 to see the animation).



Animation of Alluvial Thickness Model 21

Click on image to play video

EXPLANATION
Geology—~Grouped by major geologic period (Dibblee and Minch, 2003, 2008 and Morton and Miller, 2006).
Surficial deposits Younger sedimentary deposits Crystalline basement rocks
(Holocene to Pleistocene) (Pleistocene) (Pre-Tertiary)
Landslide deposits Younger sedimentary deposits Peninsular Ranges-type (in profiles)

Very young alluvium Older sedimentary deposits San Gabriel Mountains-type

Young alluvium [Pleistocene to Miocene) (Triassic)
Older sedimentary deposits (including . .
0ld alluvium San Timoteo and Mill Creek formation) San Bernardino Mountains-type

Very old alluvium

------------------- Subbasin boundary—Faults and barriers (Morton and Miller, 2006). Text in same color is subbasin name.
—————- Fault—Solid where accurately located; dashed where approximately located; dotted where concealed (Morton and Miller, 2006).
————- Fault—Solid where accurately located; dashed where approximately located; dotted where concealed (Matti and others, 2003).
Fault—Solid where accurately located; dashed where approximately located; dotted where concealed (California Division of
Mines and Geology, 2000).

Figure 8. Video animation showing land surface, geology, faults, wells, and basement rocks in the Yucaipa area, California.
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