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Introduction to Study Area Hydrogeology, Chromium
Sources, Site History, and Purpose of Study

By John A. Izbicki, Krishangi D. Groover, David M. Miller, Whitney Seymour, John Warden, and Larry G. Miller

Abstract

Between 1952 and 1964, hexavalent chromium, Cr(VI),
was released into groundwater from the Pacific Gas and
Electric Company (PG&E) Hinkley compressor station in
the Mojave Desert 80 miles (mi) northeast of Los Angeles,
California. Remediation began in 1992, and in 2010, site
cleanup was projected to require between 10 and 95 years
and was expected to cost between $36 and $176 million. A
2007 PG&E study estimated the natural Cr(VI) background
in groundwater in Hinkley Valley to be 3.1 micrograms
per liter (ug/L). This concentration was used for interim
regulatory purposes by the Lahontan Regional Water Quality
Control Board (RWQCB). In the fourth quarter (October—
December) 2015, the regulatory Cr(VI) plume extended
about 3.0 mi downgradient from the release location within
the Hinkley compressor station, while groundwater having
Cr(VI) concentrations greater than 3.1 pg/L was present
more than 8 mi downgradient. Although rocks and minerals
in the area are naturally low in chromium, alluvium eroded
from the San Gabriel Mountains and transported to Hinkley
Valley by the Mojave River, and locally small exposures of
mafic rock, including hornblende diorite and basalt, may
contribute Cr(VI) to groundwater. In response to limitations
of the PG&E 2007 Cr(VI) background study’s methodology,
uncertainty in the natural Cr(VI) background concentration,
and an increase in the mapped extent of groundwater having
Cr(VI) concentrations greater than the interim regulatory
background of 3.1 pg/L, the Lahontan RWQCB concluded
that the 2007 PG&E background Cr(VI) study should be
updated. The purpose of the updated study is to estimate
background Cr(VI) concentrations in groundwater within the
upper aquifer upgradient, downgradient, near the margins, and
within the footprint of the PG&E Cr(VI) plume in Hinkley,
California. The scope of the study included eight tasks; results
from those tasks are presented in the chapters within this
professional paper.

A.1. Introduction

The Pacific Gas and Electric Company (PG&E) Hinkley
compressor station (fig. A.1), in the Mojave Desert 80 miles
(mi) northeast of Los Angeles, California (fig. A.24), is used
to compress natural gas as it is transported through a pipeline
from Texas to California. Between 1952 and 1964, cooling
water used at the Hinkley compressor station was treated
with a compound containing hexavalent chromium, Cr(VI),
to prevent corrosion of machinery within the compressor
station. Cooling-tower water was discharged to unlined
ponds, releasing Cr(VI) into groundwater in the underlying
unconsolidated aquifer (Lahontan Regional Water Quality
Control Board, 2013). Since 1964, cooling-water management
practices have been used that do not release Cr(VI)
into groundwater.

Figure A.1. Pacific Gas and Electric Company (PG&E)
compressor station, Hinkley, California, March 2009. (Photograph
by Steven Perry, ARCADIS, Inc., courtesy of PG&E, used with
permission.)
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In 2007, a PG&E study of the background concentration
of Cr(VI) in groundwater estimated the average Cr(VI)
concentration in the Hinkley area to be 1.2 micrograms per
liter (ug/L), with a 95-percent upper-tolerance limit (UTLy;)
of 3.1 pg/L (CH2M Hill, 2007). The 3.1 ug/L UTL,s was
adopted by the Lahontan Regional Water Quality Control
Board (RWQCB) as the maximum background concentration
used to map the Cr(VI) plume extent for regulatory purposes
(Lahontan Regional Water Quality Control Board, 2008). In
response to limitations of the PG&E study’s methodology
(Lahontan Regional Water Quality Control Board, 2011), and
to an increase in the mapped extent of groundwater having
Cr(VI) concentrations greater than 3.1 pg/L between 2008
and 2012, the Lahontan RWQCB (Lahontan Regional Water
Quality Control Board, 2012a) concluded that the 2007
PG&E background Cr(VI) concentration study be updated.
The U.S. Geological Survey (USGS) was requested by the
Lahontan RWQCB to complete an updated background study
of Cr(VI) concentrations in Hinkley and Water Valleys.

Maps of groundwater levels and Cr(VI) concentrations
in groundwater prepared for regulatory purposes beginning in
August 2006 are available at https://www.waterboards.ca.gov/
lahontan/water issues/projects/pge/archive.html (accessed
February 21, 2018). Predevelopment and 2015 water-level

maps are provided in chapter H of this professional paper (figs.

H.7, H.8). Regulatory orders, studies, and other information
pertaining to the PG&E Hinkley compressor station Cr(VI)
cleanup are available at https://www.waterboards.ca.gov/

lahontan/water issues/projects/pge/ (accessed March 6, 2018).

The purpose of this chapter is to provide background
information on the regional and local hydrogeology, the
regional occurrence of chromium, and the history of Cr(VI)

releases and cleanup at the PG&E Hinkley compressor station.

This chapter concludes with an outline of the purpose and
scope of the multichapter U.S. Geological Survey (USGS)
background Cr(VI) concentration professional paper.

A.2. Hydrogeology

The study area is within the Mojave River drainage in
the western Mojave Desert, southern California (fig. A.24).
Regional changes in the hydrogeology of the Mojave River
system over the past several million years have enabled
deposition of material eroded from the San Bernardino and
San Gabriel Mountains to be transported more than 40 mi into
the desert by the Mojave River to Hinkley and Water Valleys.
The distribution of these materials influences the natural
occurrence of Cr(VI) in groundwater within Hinkley and
Water Valleys.
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A.2.1. Regional Hydrogeologic Setting

The Mojave River drainage is 2,120 square miles (mi?).
Altitudes within the Mojave River drainage range from
1,500 to 8,500 feet (ft). Precipitation ranges from slightly
more than 4 inches per year (in/yr; 110 millimeters per year,
mm/yr), near Barstow in the central part of the study area, to
almost 40 in/yr (1,000 mm/yr), in the higher altitudes of the
San Bernardino and San Gabriel Mountains to the southwest
(fig. A.24; Stamos and others, 2001; Flint and Flint, 2007).
Most precipitation falls during the winter months, and a winter
snowpack commonly develops at the higher altitudes of the
San Bernardino and San Gabriel Mountains.

The Mojave River drainage is within the Eastern
California Shear Zone (ECSZ; Dokka and Travis, 1990).
Folding and uplift within the ECSZ over the past 10 million
years disrupted surface drainage patterns. By the late Pliocene
(5.6 to 2.6 million years before present), ancestral river
systems that formerly drained toward the Pacific Ocean were
internally drained to topographically closed structural basins
(Cox and others, 2003). With the shift to internal drainage
and drier climatic conditions associated with uplift of the
San Gabriel and San Bernardino Mountains, alluvial material
eroded from those mountains advanced into the Mojave
Desert. This shift in drainage created a distinctive stratigraphy
of alluvium deposited by south-flowing streams sourced from
the desert mountains, overlain by wetland and lacustrine
deposits, and finally overlain by the braided stream deposits
from the north-flowing ancestral Mojave River (Cox and
others, 2003). Mojave River deposits are recognized by their
arkosic composition (Cox and others, 2003) and distinctive
rounded quartzite pebbles (Cyr and others, 2015).

The Mojave River drains a topographically closed basin
that extends more than 120 mi from the San Bernardino and
San Gabriel Mountains to its terminus at Silver (dry) Lake,
north of Afton Canyon (fig. A.24; Thompson, 1929). The
river is a geologically recent feature, less than 3.3 million
years old (Cox and others, 2003), that has its source in the
San Bernardino Mountains near Cajon Pass. Cajon Pass is a
low altitude gap between the San Bernardino and San Gabriel
Mountains, created 3 to 5 million years ago by geologic
movement along the San Andreas Fault (Meisling and Weldon,
1989; Cox and others, 2003). As a result of movement
along the fault, the source area contributing alluvium to the
Mojave River changed over recent geologic time—with mafic
chromium-containing alluvium eroded from the San Gabriel
Mountains within older Mojave River alluvium deposited
more than 500,000 years ago (Cox and others, 2003) and felsic
alluvium eroded from the San Bernardino Mountains within
younger Mojave River alluvium (Groover and Izbicki, 2019).


https://www.waterboards.ca.gov/lahontan/water_issues/projects/pge/archive.html
https://www.waterboards.ca.gov/lahontan/water_issues/projects/pge/archive.html
https://www.waterboards.ca.gov/lahontan/water_issues/projects/pge/
https://www.waterboards.ca.gov/lahontan/water_issues/projects/pge/
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Moist air from the Pacific Ocean can enter the Mojave
Desert through Cajon Pass and precipitate without passing
over the higher altitudes of the coastal mountains (Izbicki,
2004). Large winter flows greater than 5,000 cubic feet
per second (ft3/s), with some peak streamflows exceeding
60,000 ft3/s, occur in the Mojave River on average every 5 to
7 years (fig. A.3). These large flows result from a combination
of precipitation near the pass, rain-on-snow at higher altitudes
within the mountains, and snowmelt (Lines, 1996; Stamos
and others, 2001; Seymour, 2016) and can extend the entire
length of the river from the mountain front to Afton Canyon
and Silver (dry) Lake. With the exception of occasional large
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Figure A3. A, Mean daily streamflow and B, annual peak
streamflow in the Mojave River at Barstow, California (10262500),
January 1, 1930, to December 31, 2018. Data are available in U.S.
Geological Survey (2018).

flows, the Mojave River is dry along most of its length, except
where groundwater discharge maintains perennial streamflow.
Flow in perennial reaches along the Mojave River, such as the
Upper and Lower Narrows near Victorville and near Afton
Canyon, has decreased in recent years, while flow along other
formerly perennial reaches has ceased entirely, and wetland
areas along the river have dried as a result of declining
groundwater levels resulting from groundwater pumping
(Lines, 1996; Stamos and others, 2001).

With the exception of short reaches of the Mojave
River where groundwater discharges at land surface and
some streams in the higher altitudes of the San Bernardino
and San Gabriel Mountains, there are no perennial streams
in the Mojave River drainage, and groundwater is the only
dependable source of water supply. California Department
of Water Resources (2003, 2019) groundwater basins within
the Mojave River drainage include the Upper, Middle, and
Lower Mojave River Valley groundwater basins and the
topographically closed El Mirage Valley, Coyote Lake Valley,
and parts of the Harper Valley groundwater basins (fig. A.24).
The most productive aquifer within the Mojave River drainage
is the floodplain aquifer along the length of the Mojave River
(Stamos and others, 2001; California Department of Water
Resources, 2003, 2019). The floodplain aquifer is commonly
less than 0.5 to 1 mi wide and typically less than 200 ft thick
(Stamos and others, 2001). The occasional large flows in the
Mojave River account for almost all the groundwater recharge
to the floodplain aquifer (Lines, 1996; Stamos and others,
2001; Izbicki, 2004; Izbicki and Michel, 2004; Seymour,
2016), with most groundwater in the floodplain aquifer
recharged after the onset of atmospheric nuclear weapons
testing beginning in 1952 (Izbicki and Michel, 2004).

The floodplain aquifer is surrounded and underlain by a
regional aquifer composed of older Mojave River alluvium
(3.3 million to 500,000 years old) and alluvium eroded from
desert mountains. Groundwater recharge to the regional
aquifer occurs primarily at the front of the San Bernardino and
San Gabriel Mountains, with only small amounts of recharge
from lower-altitude mountains within the area (Stamos and
others, 2001; Izbicki, 2004). As a consequence, groundwater
within the regional aquifer is much older than groundwater
in the floodplain aquifer, and in many cases, groundwater in
the regional aquifer was recharged under cooler and wetter
climatic conditions many thousands of years before present
(Izbicki and Michel, 2004).

Shallow lakes were present in the western Mojave Desert
during the Pleistocene (2.5 million to 11,700 years before
present; Enzel and others, 2003). Some playas, such as Harper
(dry) Lake, are remnants of those lakes, and some areas may
contain lacustrine (lake) deposits at depth. Lacustrine deposits
associated with these lakes are commonly fine-grained,
organic-rich, reducing environments.



A.2.2. Local Hydrogeologic Setting

Hinkley Valley, within the Middle and Lower
Mojave Valley and Harper Valley groundwater basins
(California Department of Water Resources, 2003, 2019), is
approximately 62 mi? and contains 36 mi? of unconsolidated
deposits that were saturated during predevelopment (1930)
conditions. Bedrock in Hinkley Valley consists of felsic
plutonic (granite) and related intrusive plutons, sheets, and
dikes (Dibblee, 1960a, b; Boettcher, 1990; Fletcher and
others, 1995; Fletcher and others, 2002), with exposures of
mafic plutonic (diorite and gabbro) rock near the south end
of Iron Mountain and Mount General (fig. A.4). Older rocks
predating these intrusive rocks include marble, quartzite,
and metavolcanic rocks present as pendants, and wallrocks
associated with plutons. These older rocks have been altered
to varying degrees by metamorphism. Additionally, some
rocks that crop out on Mount General have been altered
by hydrothermal processes. Partly consolidated deposits
consisting of early Miocene (5.3 to 23 million years before
present) lacustrine, alluvial fan, rock-avalanche deposits,
and locally derived Tertiary alluvium overlie bedrock. These
Miocene continental deposits are interspersed with lavas
ranging from dacite to rhyolite. Younger (Pliocene) basalt is
exposed at land surface and interspersed with late Tertiary
alluvium in the Water Valley area.

Unconsolidated deposits overlying bedrock occupy 36
mi? within Hinkley Valley. Within Hinkley Valley, and Water
Valley to the north (fig. A.4), unconsolidated deposits include
deposits sourced from the Mojave River (“Mojave-type”
deposits including Mojave River stream and lake margin
deposits), and lake, mudflat/playa, groundwater-discharge
deposits, and locally derived alluvial material (table A.1;
Miller and others, 2018, 2020). In the subsurface, geologic
materials and depositional provenance were described as
part of this study on the basis of physical, chemical, and
paleontological examination of core material from more
than 200 wells installed by PG&E as part of groundwater
remediation (Miller and others, 2018; 2020). In most
cases, geologic provenance was unambiguously assigned
to Mojave-type deposits and other materials by physical
examination of lithic grains within core material, including the
degree of rounding of coarse sand grains. It was not always
possible to uniquely identify older Mojave stream deposits
from more recent Mojave stream deposits on the basis of
physical examination of core material. Physical descriptions
and provenance of selected core material were summarized by
Groover and Izbicki (2018).

In the geologic framework model developed as part of
this study (Miller and others, 2018), the ancestral Mojave
River flowed west of Iron Mountain and reached Pleistocene
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Lake Harper about 750 to 630 kilo-annum (ka; one ka is
1,000 years before present) and entered Hinkley Valley about
600 to 475 ka (Cox and others, 2003) along two paths: (1) first
through the gap between Lynx Cat and Iron Mountains and
(2) later south of Iron Mountain in the southwest end of
Hinkley Valley (Miller and others, 2018; 2020). Arrival of the
ancestral Mojave River to the area created and maintained
Lake Harper, which grew in size and flooded parts of Hinkley
Valley—creating a shallow arm of water extending south
of the PG&E compressor station (fig. A.54). Deposition
of fine-grained, lacustrine deposits within the shallow lake
formed the “blue clay,” an important confining unit throughout
much of the valley. Ash deposits within the blue clay, as
thick as 7 ft, were identified on the basis of their chemical
composition as Lava Creek B material (Miller and others,
2018, 2020) that originated from an eruption in Yellowstone
about 630 ka (Matthews and others, 2015). As Mojave River
deposits accumulated west of Iron Mountain, overflow of the
river through the gap between Lynx Cat and Iron Mountains
deposited an alluvial fan that grades from coarse-grained to
finer-grained downslope (fig. A.54). The fan increased in size
with time and prograded across the valley toward the shallow
Hinkley arm of Lake Harper. Groundwater discharge along
the toe of the fan sustained wetlands where fine-textured,
calcite-rich groundwater discharge deposits accumulated over
weathered bedrock and older partly consolidated deposits.
With continued accumulation of Mojave River deposits
west of Iron Mountain, overflow of the river into Hinkley
Valley south of Iron Mountain built a fluvial wedge in the
south part of Hinkley Valley (fig. A.5B). With time, fluvial and
delta deposits prograded across the nearly flat valley toward
Lake Harper, burying older deposits, the preexisting drainage
system, and the older alluvial fan deposits (Miller and others,
2020). Eventually, the ancestral Mojave River eroded through
fluvial deposits south of Iron Mountain to form a canyon
along the course of the Mojave River. The fluvial plain in
the southern portion of Hinkley Valley was abandoned.
Where present at land surface, these deposits, as much as
100 ft above the active channel of the Mojave River, have a
distinctive hummocky, “inverted stream channel” topography.
Fine-grained overbank deposits across the nearly flat valley
floor were deposited by the Mojave River around this time
and compose part of another important confining unit within
Hinkley Valley known as the “brown clay” (Miller and others,
2020). The brown clay is distributed areally and vertically
throughout alluvial and lacustrine deposits in the valley,
apparently migrating to the east and north over time, with
deposition of similar materials continuing in flat-lying portions
of the valley until the time of this study (2015-18). Not all
brown clays within Hinkley Valley are sufficiently thick to be
hydrologically important confining layers.



6 Chapter A: Introduction to Study Area Hydrogeology, Chromium Sources, Site History, and Purpose of Study

117°10°

117°05'

35°00°

34°55'

e
Base from U.S. Geological Survey and other Federal and State digital data, 0 1 2 MILES Surficial geology from
various scales; Lambert Conformal Conic projection, standard parallels are f T — ! Miller and others, 2020
34.0333° N. and 35.4667° N.; North American Datum of 1983 0 1 2 KILOMETERS

Figure A.4. Surficial geology of Hinkley and Water Valleys, western Mojave Desert, California. Modified from Miller and
others (2018).



Figure A.4.—Continued

ml

Qas
Qys
Qya

cia

QToa

Qye

QyMR1
QyMR2
QyMR3
QyMR4
QMR
QoMR

Qap
Qapw
Qygs
Qyls

Qﬂs

Qilg

QTgw

Tbb

Ts

Tw

mp

- |15 [ HE

A.2. Hydrogeology

EXPLANATION

Surficial Deposits
Made Land
Made land (Recent)

Stream Deposits
Active stream channel deposits (Holocene)

Young stream deposits (Holocene)

Young alluvial fan deposits (Holocene to latest Pleistocene)
Intermediate alluvial fan deposits (late to middle Pleistocene)
Gravel (early Pleistocene to Pliocene)

Eolian Deposits
Young eolian sand deposits (Holocene)

Mojave River Deposits
Young Mojave River deposits, undifferentiated (Holocene)

Young Mojave River deposits, unit 1 (latest Holocene)

Young Mojave River deposits, unit 2 (late Holocene)

Young Mojave River deposits, unit 3 (middle Holocene)

Young Mojave River deposits, unit 4 (early Holocene and latest Pleistocene)
Intermediate Mojave River deposits (middle to late Pleistocene)

Older Mojave River deposits (early Pleistocene)

Playa, Groundwater-Discharge, and Lacustrine Deposits
Active playa deposits (latest Holocene)

Active playa-margin wetland deposits (latest Holocene)

Young wetland deposits (late Holocene)

Young lacustrine sand deposits (latest Pleistocene)

Intermediate lacustrine sand deposits (late Pleistocene)

Intermediate lacustrine gravel deposits (late Pleistocene)
Groundwater-discharge wetland deposits (early Pleistocene to Pliocene)

Rock Units
Pliocene volcanic rock
Black Mountain Basalt (Pliocene)

Miocene sedimentary rock
Sandstone and siltstone (Miocene)

Bedrock
Rhyolite (Miocene)

Waterman Hills granite (Miocene)

Mafic plutonic rocks (Mesozoic)

Felsic plutonic rocks (Mesozoic)

Metamorphic rocks (Neoproterozoic?, Paleozoic, and Mesozoic)
Maximum extent of 3.1 micrograms per liter hexavalent chromium, Cr(VI),

October-December 2015 (04 2015); queried where approximate (ARCADIS,
2016a)

Pacific Gas and Electric Company Hinkley compressor station
Contact—Ilocation accurate; dashed where approximately located

Fault—location accurate; dotted where approximately located or concealed
(Miller and others, 2018)

Western excavation site



8 Chapter A: Introduction to Study Area Hydrogeology, Chromium Sources, Site History, and Purpose of Study

Table A1.

Classification of core material from Pacific Gas and Electric Company (PG&E) monitoring wells and criteria used to assign

depositional provenance and depositional environment, Hinkley and Water Valleys, western Mojave Desert, California.

[Modified from Miller and others, 2018, 2020. Abbreviations: m, meter; CaCO;, calcium carbonate]

Classification

Criteria

Provenance

Mojave type
Local alluvial fan

Uncertain

Arkose with quartzite lithic grains; rounded to well-rounded grains.
Lithics similar to local bedrock; angular to subangular grains dominate.

Grain size is medium sand and finer; lithics and rounding not distinctive.

Depositional environment

Mojave type

Mojave River
stream

Lake margin

Coarse stream channel deposits are poorly sorted, crudely bedded; lacks fossils. Color is orange to brown. Soils common
in upper 2—6 m of section; less common 6—12 m; rare below.

Moderately to well-sorted sand and silt with sparse gravelly sand interbeds at most; thin bedded to laminated; commonly

mica rich; grain size and color vary from bed to bed; sparse fossils indicate shallow lake environment. May represent
fluvial delta, beach, and nearshore lake deposits, or playa-margin deposits. Color is white to gray, tan to pale tan, and

rich brown.

Non-Mojave type

Local alluvial fan

Poorly sorted, vaguely bedded gravel and sand of local provenance; commonly several soils within sequence; lacks

fossils. Color is yellow-brown to red-brown. Sequences overlying bedrock are characterized by weathered bedrock
materials interspersed with thin beds of sand; may indicate pediment deposits.

Lake (lacustrine)

Clay and silt to very fine sand, thinly bedded to laminated; commonly rippled; generally not calcareous; fossils indicate

shallow lake environment. Color is gray, green, olive, tan, and white; commonly ranges to brown near base and top.
Commonly diatomaceous. No evidence of dropstones.

Mudflat/playa

Fine sand to silt and clay; mostly poorly sorted with admixture of coarse and very coarse sand grains; sand grains

floating in mud very common. Rare mudcracks and thin stream sheetflow beds taken to indicate playa environment.
Calcareous nodules and zones of manganese-oxide stain are common; sparse fossils indicate shallow lake
environment. Color is brown and orangish brown.

Groundwater
discharge

Calcium-carbonate-rich sediment, typically with alluvial fan lithics and sand grains floating in a fine sand to silt
composed of detrital grains and carbonate material. Very poorly sorted overall. Sand and pebble grains uniformly

coated by CaCOj. Color is pale gray or pale tan to white.

After eroding through fluvial deposits south of Iron
Mountain, the ancestral Mojave River eventually flowed
through Hinkley Valley past Barstow to create and maintain
Lake Manix from about 500 to 24 ka (Reheis and others,
2012; fig. A.5C). During this interval, the ancestral Mojave
River would occasionally change course and flow through
Hinkley Valley toward Lake Harper. Garcia and others (2014)
demonstrated that Hinkley and Water Valleys held multiple
lakes fed by the Mojave River between approximately
40—45 ka and revised early estimates that the lakes were as
young as 25 ka (Meek, 1999). During intervals when the
ancestral Mojave River flowed north toward Lake Harper,
coarse-grained Mojave stream material was deposited along
a south to north axis through the valley toward Hinkley
Gap (fig. A.5C). In general, these Mojave stream deposits

are continuous in the north-south direction and lack soils or
other evidence of extended episodic deposition. In addition
to active stream-channel deposits, they include fine-grained
material deposited along the margins of active channels

in floodplains or oxbow lakes (Cox and others, 2003).
Mojave stream deposits that are finer-grained, moderately
well sorted, and thinly bedded were interpreted to represent
low-energy stream depositional environments near deltas
or lake margins and include well-sorted beach (or aeolian)
deposits. Locally derived alluvial fan material eroded from
Iron Mountain, Mount General, and Lynx Cat Mountain
surrounds the Mojave-type deposits, and small amounts of
these materials are occasionally mixed within the margins of
the Mojave-type deposits.
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Figure A5. Simplified geologic history of unconsolidated deposits A, 750,000 to 630,000 years before present, B, 500,000 years
before present, and C, 45,000 years before present to recent, Hinkley and Water Valleys, western Mojave Desert, California.
Modified from Miller and others (2018, 2020).
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Figure A.5.—Continued

The geologic materials described by Miller and others
(2018, 2020) constitute important hydrologic units identified
by PG&E and their consultants (Jacobs Engineering
Group, Inc., 2019). Throughout much of Hinkley Valley,
unconsolidated deposits are composed of an upper and lower
aquifer separated by lake deposits consisting of blue clay.
The blue clay is blue because it is reduced (does not contain
oxygen). The blue clay is commonly less than 160 ft below
land surface and may be up to 100 ft thick near the Mojave
River (ARCADIS and CH2M Hill 2011; CH2M Hill, 2013;
Jacobs Engineering Group, Inc., 2019). Below the blue
clay are unconsolidated lower aquifer deposits composed
primarily of locally derived alluvium. These deposits are as
thick as 600 ft near the Mojave River and thin to the north
(Huff and others, 2002; Miller and others, 2020). The blue
clay terminates against shallow bedrock in the western part
of Hinkley Valley (Jacobs Engineering Group, Inc., 2019),
and alluvial deposits composing the upper aquifer in this area
overlie weathered bedrock or groundwater discharge deposits.
The upper aquifer is composed of Mojave-type deposits
consisting of Mojave River stream and lake margin deposits
and is divided into shallow and deep zones separated by brown

zone 11; North American Datum of 1983

clay (ARCADIS and CH2M Hill, 2011; CH2M Hill, 2013).
The brown clay is up to 50 ft thick in the northern part of the
eastern subarea (fig. A.6). Although brown clay is present
throughout alluvial deposits in Hinkley Valley, it is not an
important hydrologic unit within the upper aquifer in much of
the area.

Subsurface geologic conditions differ in the northern
parts of Hinkley Valley, along the margins of the valley where
locally derived alluvial material interfingers with alluvium
sourced from the Mojave River, and in Water Valley. In the
northern subarea (fig. A.6), coarse-grained Mojave River
stream and lake margin deposits overlie generally fine-grained
mudflat/playa and lake deposits (Stantec, 2013). Mojave River
stream deposits extend into Water Valley where well-sorted
lake margin deposits (beach deposits) associated with high
stands of Lake Harper compose permeable water-yielding
deposits. Locally derived alluvial material is present along
the margins of Mount General and throughout Water
Valley. In Water Valley, local alluvium was eroded, in part,
from fine-grained Miocene continental deposits within the
Mud Hills (fig. A.5) to the east and commonly contains
basaltic fragments.



A.2. Hydrogeology 11

117°10' 117°05'
T— - . O N . |
Harz\?\@r. 7 »l/—_' ) A / AL l--'-{
Lake ~. / : . » .. ,-f"“l . \
(dry) B RN Vot o
I R A A~
\\\ \’\ r '~,~ * .“ PR /“‘ %
H 1= . . / .. .
s ~“‘ ‘_‘ s%\ . B
95 Water R {
o = Valley L yrthwest
‘.. . ,'Lnjgction
. t.. ?’arrleryyells

-~

Land treatment unit (LTU, discontinued in 2001)

b 4
| By E 5
) . //_
Lynx Cat ;gj ., ™. / g Extraction 3
Mountain 5 .. ~ | % Wells ~
= . N
E B 62(‘ : .. ‘. \ 1 |
* LR ] . EXPLANATION
3 "o 1
v R [ Maximum extent of 3.1 micrograms per liter hexavalent chromium,
T +.  Mount '
rAr— L"( ; : \ \‘ ,/f:_%{(/[‘f‘ General Cr(VI), October—December 2015 (Q4 2015); queried where
: X \ e approximately (ARCADIS, 2016a)
. /ROAD -~ .
: i L] 042015 regulatory Cr(VI) plume (ARCADIS, 2016a)
Q [N
§ ‘%\' {:F' Pacific Gas and Electric Company Hinkley compressor station
N A
A el \\\'_‘ E - | 2] Mojave River active channel, 2005 (Mojave Water Agency, 2014)
ey e { |8 =~ I
‘:.:u 1. ’ \‘\ i__ Predevelopment (1930) saturated unconsolidated deposits
%, %o, t. \% L \ —
VRER . J | " Northern subarea and Water Valley
GiB): = Lo e ||
et e =52 | Western subarea
e NS inkley //\,J\ e
55 ———L__' T Yok alley ,/ B | 7 Eastern subarea
() LS / 1
LLL O e ,' / [ Agricultural land treatment unit
u(/i . % /. (ATU or LTU)
Iron ) .,/ COMMUNITY BLVD
—_—— 7 - -
—_—

n

I
o \
)

. |
Mountain _ =
-

\

N7 .
G

-~

D

ROAD

.

« LENWOOD

In situ reactive zone (IRZ), ethanol injection wells

Fault (Miller and others, 2018)
Location accurate
Approximately located or concealed

Approximate extent of hydrologically important clay units (Jacobs
Engineering Group, Inc., 2019)

Blue clay

Brown clay

Injection/extraction wells and distribution pipelines
—o— Northwest Extraction Wells serving IRZ within the South Central

Base from U.S. Geological Survey and other Federal and State digital data, various scales; Lambert Conformal

Conic projection, standard parallels are 34.0333° N. and 35.4667° N.; North American Datum of 1983

Figure A.6.

0

|
I
0

2

T
3 KILOMETERS

2 3 MILES
|

Re-injection Area (SCRIA)
o South Central Re-injection Area

Western excavation site

Facilities installed by Pacific Gas and Electric Company (PG&E) to remediate hexavalent chromium, Cr(VI), in groundwater,

Hinkley Valley, western Mojave Desert, California. Data from PG&E in December 2016 are available within annual reports for the Hinkley
site published by PG&E consultants at https://geotracker.waterboards.ca.gov/profile_report?global_id=SL0607111288.


https://geotracker.waterboards.ca.gov/profile_report?global_id=SL0607111288

12 Chapter A: Introduction to Study Area Hydrogeology, Chromium Sources, Site History, and Purpose of Study

During predevelopment conditions, groundwater recharge
in Hinkley Valley and much of Water Valley was almost
entirely from the Mojave River, with only small amounts
of recharge as infiltration from local streams and negligible
recharge from infiltrating precipitation (Stamos and others,
2001). Recharge from the Mojave River is episodic, occurring
as infiltration from large flows (greater than about 5,000 ft?/s)
that typically occur once every 5 to 7 years (fig. A.3).

During predevelopment conditions, groundwater movement
within Hinkley Valley was from recharge areas along the
Mojave River toward Hinkley Gap into Water Valley, where
groundwater discharged by evaporation in wetlands along the
southeast margin of Harper (dry) Lake (Thompson, 1929).
Movement along the right-lateral Lockhart and Mount General
faults within Hinkley and Water Valleys offset unconsolidated
deposits (Miller and others, 2018, 2020). The Lockhart fault
impedes groundwater flow, whereas the effect of the Mount
General fault on groundwater movement is less certain (Miller
and others, 2007); both faults consist of numerous mapped
strands (Miller and others, 2018, 2020).

Water-level declines as a result of groundwater pumping
for agriculture began in the early 1950s (Stone, 1957;

Stamos and others, 2001). In 2015, water levels beneath
the Hinkley compressor station were as much as 60 ft
below predevelopment levels (Seymour and Izbicki, 2018).
Formerly saturated coarse-grained deposits throughout
Hinkley and Water Valleys became unsaturated as a result
of water-level declines, and only thin lenses of Mojave-type
deposits remained saturated in parts of the western subarea
downgradient from the Lockhart fault and in the northern
subarea. Water-level declines as a result of agricultural
pumping resulted in adjudication of the groundwater basin in
1996 and a court-ordered reduction in pumping (California
Superior Court, 1996), with additional litigation continuing
until 2002.

A.3. Chromium in Rock and Alluvium
within the Mojave River Drainage

Naturally occurring chromium is commonly associated
with mafic and ultramafic rock (Reimann and de Caritat,
1998). With the exception of chromium-containing mafic
rock in the San Gabriel Mountains and small areas of mafic,
chromium-containing rock within the Mojave River drainage,
the region is naturally low in chromium (Kruckeberg, 1984;
Smith and others, 2014; fig. A.7).

Movement along the San Andreas Fault over the past
several million years created Cajon Pass and the Mojave
River. This movement transported mafic rocks, including
the Pelona Schist within the San Gabriel Mountains, to the
northwest (Meisling and Weldon, 1989; Cox and others,
2003) and changed the source area contributing alluvium to

the Mojave River (Cox and others, 2003; Izbicki and others,
2008). The greenschist facies within the Pelona Schist contains
chromium-bearing minerals, including actinolite and fuchsite
(chromium-mica), which have chromium concentrations as
high as 4,000 and 8,600 milligrams per kilogram (mg/kg),
respectively (Groover and Izbicki, 2018). As a consequence,
older Mojave River deposits (QoMR; fig. A.54) were eroded
at a time when the San Gabriel Mountains contributed
alluvium directly to the ancestral Mojave River. This older
alluvium contained more mafic material, with a higher
fraction of chromium-bearing minerals with higher chromium
concentrations than more recent Mojave River deposits
(QiMR or QyMR; Groover and Izbicki, 2019). These older
deposits are exposed at land surface over a large area of the
regional aquifer, extending nearly to Barstow into Hinkley and
Water Valleys (fig. A.2B; Cox and others, 2003; Miller and
others, 2018, 2020).

The Mojave River groundwater basin (fig. A.2) includes
large alluvial fan complexes eroded from the San Gabriel
Mountains known as the Victorville and the Sheep Creek
fans (Meisling and Weldon, 1989; Miller and Bedford, 2000;
Stamos and others, 2001). These alluvial fans were deposited
by streams that were tributaries to the Mojave River in the
geologic past. The Victorville fan was beheaded and separated
from the San Gabriel Mountains as a result of geologic
movement along the San Andreas Fault and subsequent
erosion by streams draining toward the Pacific Ocean through
Cajon Pass about 1 million years ago. Although mafic rock
from the San Gabriel Mountains no longer directly contributes
alluvium to the Mojave River from this area, reworking of
alluvial material from the Victorville fan contributes material
to recent Mojave River alluvium. Surface drainage and
transport of mafic alluvium from the San Gabriel Mountains
through Sheep Creek to the Mojave River occurred until
the Sheep Creek fan extended to the north, creating the
topographically closed El Mirage (dry) Lake about 8,000 years
ago; however, groundwater movement from this area to
the regional aquifer continues (Stamos and others, 2001).
Recent work showed that erosion of Victorville fan deposits
and alluvium from Fremont Wash (the former downstream
reach of Sheep Creek wash) contributed mafic alluvium to
the Mojave River in the geologic past but only provided
small (insignificant) amounts of mafic, chromium-containing
alluvium to the Mojave River at the time of this study
(2015-18; Groover and Izbicki, 2019).

Locally within Hinkley and Water Valleys, small
exposures of mafic rocks are present, including hornblende
diorite and gabbro at Iron Mountain and Mount General
(Boettcher, 1990; Boettcher and Walker, 1993) and basalts
in Water Valley. Older alluvium from the ancestral Mojave
River, potentially containing mafic material, locally derived
alluvium from mafic terrains, and weathered mafic rock, also
are present.
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A.4. Site History

Between 1952 and 1964, cooling water used at the PG&E
Hinkley compressor station was treated with a compound
containing chromium to prevent corrosion of machinery
within the compressor station. The cooling-tower waste was
discharged to unlined ponds, resulting in the release of Cr(VI)
to soil and groundwater in the underlying unconsolidated
aquifer (Lahontan Regional Water Quality Control Board,
2013). Since 1965, cooling-water management practices have
been used that do not contribute chromium to groundwater.

The Pacific Gas and Electric Company informed the
Lahontan RWQCB of Cr(VI) releases from the Hinkley
compressor station in 1987 (Lahontan Regional Water Quality
Control Board, 1987), and groundwater monitoring began
at the site in the late 1980s (Ecology and Environment, Inc.,
1988). In 1996, Cr(VI) release from the Hinkley compressor
station resulted in a $333 million settlement against PG&E
(Anderson, and others v. PG&E, Superior Court for the
County of San Bernardino, Barstow Division, File BCV
00300). At the time, this was the largest settlement in a
direct-action lawsuit in United States history.
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Estimates of the mass of Cr(VI) released from the
Hinkley compressor station between 1952 and 1964 are
uncertain. However, the mass of Cr(VI) in groundwater within
the mapped plume downgradient from the Hinkley compressor
station in January 2011 was estimated to be 4,700 pounds (lbs;
Lahontan Regional Water Quality Control Board, 2013). For
comparison, 300 mi east at the PG&E Topock compressor
station, built at the same time along the same natural gas line
as the Hinkley compressor station and presumably operated
in a similar manner, 8,700 Ibs of chromium were removed
from groundwater between August 2005 and October 2014
(CH2M Hill, 2014a), and more than 24,300 lbs of chromium
were estimated to remain in groundwater within the mapped
plume at the Topock site (CH2M Hill, 2014b). In the initial
disclosure of Cr(VI) releases from the Hinkley compressor
station, PG&E estimated 144,000,000 gallons (gal) of cooling
water containing Cr(VI) were released from the Hinkley
compressor station between 1952 and 1964 (Lahontan
Regional Water Quality Control Board, 1987). Documents
filed as part of the 1996 legal action (Anderson, and others
v. PG&E, Superior Court for the County of San Bernardino,
Barstow Division, File BCV 00300) estimated that as much
as 370,000,000 gal of cooling water may have been released
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into groundwater. Assuming industrial practices commonly
used at that time, concentrations of Cr(VI) in chromium-based
corrosion inhibitors used in cooling water would have ranged
from 10 milligrams per liter (mg/L), the minimum required to
inhibit corrosion, to 30 mg/L (U.S. Environmental Protection
Agency, 1993), and the mass of Cr(VI) released at Hinkley
compressor station would have ranged from about 12,000

to 36,000 or 31,000 to 93,000 Ibs, depending on the initial
volume of cooling water released at the site. Although these
values are largely uncertain, they exceed the estimated

mass of Cr(VI) within groundwater of 4,700 1bs (Lahontan
Regional Water Quality Control Board, 2013) and are within
the range of Cr(VI) releases at the PG&E Topock compressor
station site.

In the fourth quarter (October—December) of 2015,
PG&E acknowledged a Cr(VI) plume in the upper aquifer
extending 3.0 mi downgradient from the release location
within the Hinkley compressor station, while groundwater
having Cr(VI) concentrations greater than 3.1 pg/L was
present more than 8 mi downgradient (fig. A.6; ARCADIS,
2016a). Small amounts of Cr(VI) were present within the
lower aquifer system as a result of flow through unused or
abandoned wells, or as a result of groundwater movement
near the margins of the blue clay driven by vertical
hydraulic gradients induced by pumping from deeper wells
(ARCADIS, 2016Db).

Groundwater flow at the site is nominally to the north,
but the mapped plume downgradient from the compressor
station trends to the northwest along the downgradient side
of the Lockhart fault. Although Cr(VI) generally moves
freely with groundwater, the highest Cr(VI) concentrations
within the mapped plume, in excess of 1,000 pg/L, remain
less than 3,000 ft from the source area within the Hinkley
compressor station more than 65 years after the initial
release (ARCADIS, 2016a). Andrews and Neville (2003)
suggested that mobilization of Cr(VI) from the unsaturated
zone by rising water levels resulting from implementation
of the Mojave Basin Area Adjudication (Riverside County
Superior Court, 1996) and subsequent reduction in agricultural
pumping may be responsible for high Cr(VI) concentrations
near the compressor station. Other explanations also are
possible, including slow movement of groundwater containing
anthropogenic Cr(VI) downgradient from the compressor
station because of (1) low hydraulic conductivity within
saturated deposits beneath the source area or (2) splays of the
Lockhart fault that impede groundwater flow. Alternatively,
estimates of the mass of Cr(VI) in the groundwater within the
regulatory Cr(VI) plume may not accurately indicate the total
mass of Cr(VI) released from the site. It is possible that some
of the Cr(VI) released between 1952 and 1964, when water
levels were higher and highly permeable deposits above the
water table at the time of this study (2015—-18) were saturated,
may have moved with groundwater farther downgradient
from the Hinkley compressor station than indicated by
the regulatory Cr(VI) plume maps. Much of the Cr(VI)

released from the Hinkley compressor station may have been
removed from the aquifer by agricultural pumping as water
levels declined.

Remediation of Cr(VI) began in 1992 with land
application of Cr(VI)-containing groundwater to irrigate
crops (fig. A.6; Haley and Aldrich, Inc., 2010). This treatment
strategy was designed to reduce soluble Cr(VI) to insoluble
trivalent chromium, Cr(III), with subsequent removal of
Cr(IIT) occurring within the crop root zone. Irrigated acreage
to treat Cr(VI) increased in 1998. These land treatment units
(LTUs) were closed in 2001 as a result of concern over the
possible release of atmospheric aerosols containing chromium
during irrigation (Lahontan Regional Water Quality Control
Board, 2001). During their operation, land application at
the LTU sites removed about 1,550 Ibs of Cr(VI) (Alisto
Engineering Group, 2001; Haley and Aldrich, Inc., 2010).

In 2004, agricultural treatment units (ATUs) designed to
minimize aerosol production came online, and land application
of Cr(VI)-containing water to agricultural land resumed
(CH2M Hill, 2005); expansion of these facilities continued
until 2013 (ARCADIS, 2018).

In 2007, in situ reduction of soluble Cr(VI) to insoluble
Cr(IIT) through the injection of organic carbon substrates
within in situ reactive zones (IRZ) began (ARCADIS, 2008;
fig. A.6). Lactate, initially used as the carbon substrate,
was replaced by ethanol as the carbon source by May 2009
(Pacific Gas and Electric Company, 2009). In situ reduction of
Cr(VI) to Cr(III) produced byproducts, including arsenic and
manganese, in treated groundwater, which were subsequently
regulated by the Lahontan Regional Water Quality Control
Board (2012b).

In 2009, a series of extraction wells known as the
Northwest Extraction Wells were installed to supply injection
water to the IRZs as part of the SCRIA (South Central
Re-Injection Area; fig. A.6). In 2010, a series of freshwater
injection wells known as the Northwest Injection Barrier
(CH2M Hill, 2009) were installed to limit expansion of the
mapped plume toward residential areas in the western part of
Hinkley Valley (fig. A.6).

Between 2001 and 2017, 803 lbs of Cr(VI) were removed
by the various agricultural treatment units and the Northwest
Extraction Wells, and 2,528 pounds of Cr(VI) were estimated
to have been reduced in situ to Cr(IIl) and removed from
groundwater (ARCADIS, 2018). Approximately 1,400 pounds
of Cr(VI) released from the Hinkley compressor station were
estimated to remain in groundwater in 2017 (ARCADIS,
2018). Remediation activities at the site are summarized in
greater detail in ARCADIS (2018).

Proposed remediation alternatives were first presented
to the Lahontan RWQCB by PG&E in January 2011 (Haley
and Aldrich, Inc., 2010). Site cleanup using the preferred
alternative presented in March 2011 was projected to require
10 to 95 years and cost between $36 and $176 million
depending on the Cr(VI) cleanup goal (Haley and Aldrich,
Inc., 2010; Pacific Gas and Electric Company, 2011).
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A.5. Purpose and Scope of the
USGS Hexavalent Chromium
Background Study

The USGS was requested by the Lahontan RWQCB
to complete an updated background study of Cr(VI)
concentrations in Hinkley and Water Valleys. The purpose
of the USGS hexavalent chromium, Cr(VI), background
study was to estimate background Cr(VI) concentrations
in groundwater within the upper aquifer system underlying
Hinkley and Water Valleys upgradient, downgradient, near the
margins, and within the footprint of the mapped PG&E Cr(VI)
plume in the upper aquifer underlying Hinkley, California.
This professional paper focuses on anthropogenic Cr(VI) in
groundwater released from the Hinkley compressor station
and background Cr(VI) concentrations within the upper
aquifer in the eastern, western, and northern subareas within

Hinkley Valley and within Water Valley (fig. A.6). First, to
make estimates of Cr(VI) background, the study evaluated
the extent of anthropogenic Cr(VI) in groundwater near the
PG&E plume and addressed the question: “What is the area
of groundwater containing anthropogenic Cr(VI) associated
with releases from the Hinkley compressor station?” Second,
Cr(VI) concentrations in water from wells outside the area
containing anthropogenic Cr(VI) were then used to estimate
natural Cr(VI) concentrations in different parts of Hinkley and
Water Valley. Background Cr(VI) values calculated as part
of this study are not background Cr(VI) concentrations for
regulatory purposes, and the authority to establish regulatory
values resides solely with the Lahontan Regional Water
Quality Control Board.

The scope of the study included eight tasks (table A.2)
described by Izbicki and Groover (2016 and 2018). Field-data
collection began in March 2015 and was completed in
January 2018.

Table A.2. Tasks and questions addressed by the U.S. Geological Survey background hexavalent chromium, Cr(VI), study in Hinkley
and Water Valleys, western Mojave Desert, California, January 2015 to December 2019.

[Modified from Izbicki and Groover, 2016, 2018. Abbreviations: Cr(VI), hexavalent chromium; PG&E, Pacific Gas and Electric Company; IRZ, in situ reactive

zone|
Task Where dis- Purpose
cussed

Task 1 Evaluation of existing data. ~ Chapter D Identify areas near the mapped Cr(VI) plume having water quality of concern

to the study.

Task 2 Analyses of rock and al- Chapters B Determine if there are naturally occurring geologic sources of chromium in
luvium. and C aquifer deposits.

Task 3 Analyses of chemical and Chapters E Determine the chemical and isotopic (including other environmental tracers)
environmental tracers in and F composition of water from selected wells throughout the study area—with
water from wells. respect to (1) the sources and chemical processes controlling Cr(VI) occur-

rence and (2) the source, movement, and age of the groundwater relative to
the timing of Cr(VI) releases from the PG&E compressor station.

Task 4 Evaluation of local hydro- Chapter H Determine how differences in local geohydrology within the eastern (including
geologic conditions. the regulatory plume and upgradient areas), western, and northern subareas

of Hinkley Valley and Water Valley influence the movement of groundwater
and anthropogenic (human-made) Cr(VI) from the compressor station.

Task 5 Evaluation of groundwater Chapter H Evaluate how changing hydrologic conditions in the study area through time
movement. influence the movement of water and Cr(VI) through aquifers underlying

Hinkley and Water Valleys.

Task 6 Evaluation of the occurrence  Chapter G Identify areas within the aquifer containing human-made Cr(VI) from releases
of natural and anthropo- at the PG&E compressor station and areas that contain Cr(VI) from other
genic Cr(VI). sources.

Task 7 Estimation of background Chapter G Estimate background Cr(VI) in parts of the study area not affected by discharg-
Cr(VI) concentrations. es from the PG&E compressor station.

Task 8 Fate of chromium during and Chapter [ Determine if chromium within the IRZ may reoxidize or if Cr(VI) is perma-

after in situ reduction.

nently removed from groundwater.
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The following chapters within this professional
paper present results for tasks addressed by the USGS
Cr(VI) background study (table A.2). Chapters B and C
discuss elemental composition and mineralogy of rock,
unconsolidated material, and surface coatings on mineral
grains (Task 2). Chapters D and E discuss the Cr(VI) and
chemical composition of water from wells sampled by PG&E
for regulatory purposes and as part of this study (Tasks 1
and 3, respectively). Chapter F discusses the stable water
isotopic composition (delta deuterium and delta oxygen-18),
age-dating parameters (trittum, helium-3, carbon-14, and
industrial gases), strontium isotopes, and chromium isotopes
in water from wells sampled as part of this study (Task 3).
Chapter G discusses the extent of anthropogenic Cr(VI)
estimated on the basis of data presented in chapters B through
F using a summative-scale approach (Task 6) and provides
estimates of background Cr(VI) concentrations within the
various subareas of Hinkley Valley and in Water Valley
(Task 7). Chapter H discusses the local hydrologic setting,
including predevelopment water-levels, aquifer properties, and
groundwater movement across faults (Task 4). Appendix H.2
compares groundwater chemistry and age-dating data used
to define the mapped summative-scale Cr(VI) plume with
particle-tracking results from an updated groundwater-flow
model prepared in support of the study by PG&E consultants
(Jacobs Engineering Group, Inc., 2019; Task 5). Chapter I
discusses laboratory results estimating the fate of chromium
during and after in situ reduction (Task 8). Chapter J
summarizes important results from the study and provides
information on the limitations and uses of those results.
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