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Survey of Chromium and Selected Element Concentrations
in Rock, Alluvium, and Core Material

By John A. Izbicki and Krishangi D. Groover

Abstract

Between 1952 and 1964, hexavalent chromium, Cr(VI),
was released into groundwater from the Pacific Gas and
Electric Company (PG&E) compressor station in Hinkley,
California, in the western Mojave Desert 80 miles northeast of
Los Angeles, California. In 2015, the extent of anthropogenic
Cr(V]) in groundwater in Hinkley and Water Valleys was
uncertain, and some Cr(VI) in groundwater may be naturally
occurring from rock and aquifer material.

On the basis of more than 1,500 portable (handheld)
X-ray fluorescence (pXRF) measurements on more than
250 samples of rock, surficial alluvium, and core material
from selected wells in Hinkley and Water Valleys, chromium
concentrations are commonly low compared to the average
bulk continental abundance of 185 milligrams per kilogram
(mg/kg). However, chromium concentrations are as high as
530 mg/kg in mafic hornblende diorite that crops out along
the western margin of Hinkley Valley in Iron Mountain. Other
chromium-containing rocks in the area are either (1) not
consistently high in chromium, (2) have limited areal extent,
or (3) in the case of basalt, are present only in Water Valley.

Chromium concentrations in core material adjacent to
the screened intervals of wells sampled for water chemistry
and isotopic composition as part of the U.S. Geological
Survey Cr(VI) background study ranged from less than
the study reporting level (SRL) of 5 mg/kg to 410 mg/
kg, with a median concentration of 23 mg/kg. Chromium
concentrations in core material were lower in the eastern
subarea and higher in the western and the northern subareas
of Hinkley Valley and in Water Valley. The highest chromium
concentration in core material was in weathered hornblende
diorite bedrock. Chromium concentrations in core material
adjacent to the screened interval of sampled wells were
log-normally distributed below a threshold of 85 mg/kg,
and 3 percent of chromium concentrations were greater
than 85 mg/kg. Manganese can oxidize trivalent chromium,
Cr(I1I), to Cr(VI). Similar to chromium, manganese

concentrations in core material also were log-normally
distributed below a threshold of 970 mg/kg, and 5 percent

of manganese concentrations were greater than 970 mg/kg.
Both chromium and manganese concentrations were higher
in fine-textured core material and in visually abundant iron-
and manganese-oxide coatings on the surfaces of mineral
grains. High concentrations of chromium and manganese

in core material commonly co-occurred. Fine-textured core
material, chromium concentrations greater than 85 mg/kg,
and manganese concentrations greater than 970 mg/kg in core
material adjacent to the screened interval of sampled wells
were selected for use as metrics (threshold values) within a
summative-scale analysis (SSA) developed to identify natural
and anthropogenic Cr(VI) in water from wells later within this
professional paper (chapter G).

Principal component analysis (PCA) of 18 elements
within surficial alluvium, rock, and core material measured
using pXRF shows distinct elemental assemblages associated
with (1) older and more recent “Mojave-type” deposits,
including alluvium and lake-margin (beach) deposits sourced
from the Mojave River, (2) alluvium eroded from mafic rock,
including hornblende diorite that crops out on Iron Mountain,
(3) alluvium eroded from felsic volcanic and hydrothermal
rock that crops out on Mount General along the eastern margin
of Hinkley Valley, (4) playa/mudflat and other fine-textured
deposits, and (5) material with visually abundant iron- and
manganese-oxide coatings. Most wells sampled as part of
this study were completed in Mojave-type deposits. Portable
(handheld) X-ray fluorescence data measured on core material
from those wells do not appear to be different or unusual
compared to the magnitude and range of data from the larger
Mojave River groundwater basin, and the core material has a
low-chromium, felsic composition consistent with a Mojave
River origin. In general, the elemental composition of core
material from wells was not measurably altered by admixtures
with local mafic, felsic volcanic, or hydrothermal source
materials; although, where present, admixtures with basalt
may contribute chromium to core material.



2 Chapter B: Survey of chromium and selected element concentrations in rock, alluvium, and core material

B.1. Introduction

The U.S. Geological Survey was requested by the
Lahontan Regional Water Quality Control Board to complete
an updated background study of hexavalent chromium, Cr(VI),
concentrations in Hinkley and Water Valleys. Chromium
occurs naturally in rocks, alluvium, and soils and is the 21st
most abundant element in the Earth’s crust (Emsley, 2001).
The average chromium concentration in the bulk continental
crust is estimated to be 185 milligrams per kilogram (mg/kg;
Nriagu and Nieboer, 1988; Reimann and de Caritat, 1998).
Chromium concentrations are higher in basaltic and ultramafic
rocks, which have average concentrations of about 250 and
2,300 mg/kg, respectively (Reimann and de Caritat, 1998),
than in granitic rocks, which have an average concentration of
about 10 mg/kg (Reimann and de Caritat, 1998).

Geochemical surveys of rock, soil, and stream sediments
reveal patterns in the natural distribution of trace elements
that are related to geologic source materials and processes
that alter the composition of those materials (Graham, and
others, 2015). Data from these surveys are important for
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mineral exploration, risk-based assessment of contaminated
land, environmental regulation, human and animal health,
agriculture, land-use planning, and water quality. Numerous
regional, national, and international-scale surveys describing
elemental distributions within the near-surface environment
have been completed (Shacklette and others, 1971; Shacklette
and Boerngen, 1984; Gough and others, 1988, 2005;

U.S. Geological Survey, 2004; Smith and others, 2014;
Graham and others, 2015). Chromium-containing rock,
abundant elsewhere in California (Kruckeberg, 1984), is

not mapped in the Hinkley area (fig. B.14), and the most
recent national-scale survey of the elemental composition
of soils within the United States (Smith and others, 2014)
showed regional chromium concentrations in the western
Mojave Desert were low, with chromium concentrations in
the Hinkley area commonly less than 10 mg/kg (fig. B.1B).
Similar results were obtained for rock and surficial alluvium
from a regional-scale study by Groover and Izbicki (2019),
although they identified areas within the Mojave River
groundwater basin (fig. B.1) that have locally higher
chromium concentrations.
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The purpose of this chapter is to evaluate the distribution
of chromium in rock, alluvium, and core material from
wells and to identify potential sources of chromium within
Hinkley and Water Valleys. Scope of this work included
measurement and interpretation of chromium and other
selected trace-element concentrations in geologic material
using portable (handheld) X-ray fluorescence (pXRF; Groover,
2016; Groover and Izbicki, 2018). Portable (handheld) X-ray
fluorescence data are easily and inexpensively collected
but are generally considered to be less accurate than other
techniques used to measure elemental concentrations in
geologic materials. Spatially distributed pXRF data provide
context for more quantitative (and expensive) inductively
coupled plasma-mass spectrometry (ICP-MS), mineralogy,
particle-size and density separates, and sequential-extraction
data from selected materials discussed in chapter C within this
professional paper.

B.2. Site Description

The study area is within the 2,120 square mile (mi?)
Mojave River drainage in the western Mojave Desert, about
80 miles (mi) northeast of Los Angeles, California. The
Mojave River is a geologically recent feature that has its
source in the San Bernardino Mountains near Cajon Pass.
Cajon Pass was created by movement along the San Andreas
Fault over the past 1 to 3 million years. This movement
transported chromium-containing mafic rocks 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; Groover and Izbicki, 2019).
As a consequence, older Mojave River deposits, eroded at a
time when the San Gabriel Mountains contributed a larger
proportion of alluvium directly to the ancestral Mojave River
(chapter A, fig. A.5), contain more mafic material and thus
have a higher fraction of chromium-bearing minerals and
higher chromium concentrations than more recent Mojave
River deposits (Groover and Izbicki, 2019).

Hinkley Valley is about 62 mi? (fig. B.2). 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). Exposures of mafic plutonic (diorite and
gabbro) rock are present in Iron Mountain and near the
southern end of Mount General. Unconsolidated deposits
overlying bedrock occupy 36 mi? within Hinkley Valley and
include Mojave River stream, lake margin, lake, mudfiat/
playa, groundwater-discharge deposits, and locally derived
alluvial material (chapter A, table A.1; Miller and others,
2018, 2020). Aquifers of interest in Hinkley Valley are
composed primarily of unconsolidated deposits consisting
of alluvium and near-shore, shallow lake deposits sourced

B.2. Site Description 3

from the Mojave River, referred to as “Mojave-type” deposits
for the purposes of this professional paper. Locally derived
alluvium, lake deposits, and weathered bedrock are important
aquifers or confining units in some areas. The depositional
history of unconsolidated deposits within Hinkley and Water
Valleys is described in chapter A within this professional paper
and in Miller and others (2018, 2020).

On the basis of differences in geology and hydrology,
Hinkley Valley was divided into eastern, western, and northern
subareas (Izbicki and Groover, 2016, 2018; fig. B.2). The
eastern subarea is closest to recharge areas along the Mojave
River. Mojave-type deposits in this area are generally less than
160 feet (ft) thick and compose the upper aquifer (ARCADIS
and CH2M Hill, 2011). These deposits overlie fine-textured
lake deposits, generally described as “blue clay” in geologists
and drillers logs (chapter A, fig. A.6). Where present, the blue
clay separates unconsolidated deposits into upper and lower
aquifers. Fine-textured overbank deposits sourced from the
Mojave River, generally described as “brown clay” (chapter A,
fig. A.6), are interspersed throughout the upper aquifer and in
places separate the upper aquifer into shallow and deep zones
(ARCADIS and CH2M Hill, 2011). Mudflat/playa deposits
are present at land surface near Mount General and at depth
within the eastern subarea. The western subarea consists
of Mojave-type deposits overlying groundwater-discharge
deposits and weathered bedrock (CH2M Hill, 2013; Miller
and others, 2018, 2020). The northern subarea consists of
Mojave River alluvium and near-shore lake deposits overlying
fine-textured lake and mudflat/playa deposits sourced from
the Mojave River and local materials (Stantec, 2013; Miller
and others, 2018, 2020). Aquifers within Water Valley consist
of lake-margin deposits sourced from the ancestral Mojave
River along the margins of Harper (dry) Lake that overlie
and interfinger with locally derived alluvium eroded from a
number of sources including local basaltic rock and Miocene
deposits in the Mud Hills east of the study area (fig. B.2;
Miller and others, 2018, 2020).

The Hinkley compressor station is within the eastern
subarea of Hinkley Valley. In the fourth quarter of 2015
(October—December; Q4 2015), the regulatory Cr(VI) plume
extended about 3.0 mi downgradient from the Hinkley
compressor station (fig. B.2; ARCADIS, 2016). Most
of the Q4 2015 regulatory Cr(VI) plume was within the
eastern subarea of Hinkley Valley and the highest Cr(VI)
concentrations in groundwater within the regulatory Cr(VI)
plume remained less than 3,000 ft downgradient from the
release location within the Hinkley compressor station.
However, groundwater having Cr(VI) concentrations
greater than the interim regulatory background value of
3.1 micrograms per liter (ug/L; CH2M Hill, 2007; Lahontan
Regional Water Quality Control Board, 2008) was present
more than 8 mi downgradient and extended into Water Valley
(fig. B.2; ARCADIS, 2016).
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Figure B.2. Location of the Hinkley hexavalent chromium, Cr(V1), background study, western Mojave Desert, California.



Monitoring wells installed for regulatory purposes
by Pacific Gas and Electric Company (PG&E) are most
commonly identified by the prefix MW, with sites numbered
sequentially in the order they were drilled (ARCADIS, 2016).
Shallow wells at a site, commonly screened across or just
below the water table, are identified with the suffix S, or S1;
older monitoring wells are identified with the suffix A. Deeper
wells are identified with the suffix D, D1, or D2, or with S2
or S3 if a hydrologically important clay layer is not present
between the wells; older monitoring wells are identified with
the suffix B (ARCADIS, 2016). The suffix C is used for wells
completed in consolidated rock and the suffix R is added
if the well is a replacement for a well that was destroyed
(ARCADIS, 2016). For the purposes of this professional
paper, wells installed by PG&E as part of the U.S. Geological
Survey (USGS) Cr(VI) background study are identified
with the prefix BG; these sites are numbered sequentially
in the order they were permitted, and the BG wells are
identified from shallowest to deepest with the suffixes A, B,
or C. Although drilling methods changed over time and in
response to site conditions and regulatory requirements, most
monitoring wells were drilled with auger rigs. Core material,
archived by PG&E, was available for most wells installed
after 2011 from near the water table to below the depth of the
deepest well.

B.3. Methods
B.3.1. Field and Laboratory Methods

More than 1,500 pXRF measurements were made on
more than 250 samples of surficial alluvium, rock, and core
material from selected monitoring wells drilled by PG&E
(Groover and Izbicki, 2018; fig. B.3). Samples were collected,
handled, and measured using techniques described by
Groover and Izbicki (2019). A description of those techniques,
including a discussion of quality assurance data for pXRF
measurements, follows.

Surficial alluvium was collected from small stream
channels draining distinct geologic source terrains within
Hinkley and Water Valleys and from the active channel of
the Mojave River within Hinkley Valley. Surficial alluvium
consisted of silt, sand, and gravel that generally had not
been extensively altered by soil-forming processes. Rocks
were collected from outcrops in Hinkley and Water Valleys.
Sample preparation for surficial alluvium consisted of
manually removing organic debris and cobbles and either
air-drying or oven-drying at 80 degrees Celsius (°C). Samples
were disaggregated and placed in a sample cup prior to
measurement. Sample preparation for rocks consisted of
rinsing a freshly exposed surface with tap water and allowing
the sample to air-dry prior to measurement. Most samples of
surficial alluvium and rock were taken to the USGS office in
San Diego for analyses.

B.3. Methods 5

Core material collected during monitoring well
drilling was available from PG&E archives. In addition
to coarse-textured sand and gravel, core material included
finer-textured silt and clay materials, many of which had
been altered by soil forming and hydrogeologic processes.
The presence of visually abundant iron-oxide (reddish) or
manganese-oxide (black or dark) coatings on the surfaces
of mineral grains was recorded prior to pXRF measurement
(Groover and Izbicki, 2018). Core material from at least three
depths within the screened interval of 79 wells of the more
than 100 wells sampled for water chemistry (chapter E) and
isotope composition (chapter F) as part of this study (fig. B.2;
more simply referred to as sampled wells) was measured by
pXRF. For some wells having complex lithology or unusual
features, such as visually abundant oxide coatings, as many
as 10 measurements were made within the screened interval
of the well. Selected core material from unscreened intervals
within sampled wells and from wells not sampled as part of
this study also was measured. Limited sample preparation
for core material was required, and most measurements were
made onsite in the PG&E core storage facility.

Prior to pXRF measurement, rock samples were
identified by type, and physical attributes including color
and texture were described for surficial alluvium and core
material. Color was described using numerical designations
according to Munsell soil color charts (Munsell Color,

1975, 1994). Texture was described visually and tactilely
using methods developed by Folk (1954), and descriptions
follow the National Research Council (1947) classification.
Provenance of core materials was described by Miller and
others (2018, 2020). Descriptions for rock, surficial alluvium,
and core-material samples are available in Groover and
Izbicki (2018).

Portable (handheld) X-ray fluorescence measurements
were made using an energy-dispersive DP-4000 Delta
Premium X-ray fluorescence analyzer (Olympus, Waltham,
Massachusetts), equipped with a 4-watt X-ray tube
(Groover, 2016). The instrument measures concentrations
of 27 elements; data for 18 of those elements, including
chromium, were used in multivariate statistical analyses
presented in this chapter. Samples of surficial alluvium were
disaggregated where necessary, homogenized using the
“rolling method” (U.S. Department of Agriculture, 1996;
U.S. Environmental Protection Agency, 2007), and measured
in sample cups designed for that purpose. Samples of rock
and core material were measured on freshly exposed surfaces.
Each measurement was done for 2 minutes across an oval area
approximately 5 millimeters (mm) across its larger diameter
according to methods described in U.S. Environmental
Protection Agency (2007). Measurements were repeated at
least three times for each sample, and the instrument was
moved slightly between individual measurements to assess
small-scale variations in sample composition. Measurements
were optimized for high-chromium concentrations (greater
than 200 mg/kg) by adjusting instrument settings according
to manufacturer’s specifications when high-chromium
concentrations were encountered (Groover and Izbicki, 2019).
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Two National Institute of Standards and Technology
(NIST) soil standards (2710a; National Institute of
Standards and Technology, 2018; and 2711a, National
Institute of Standards and Technology, 2022), a USGS rock
standard (BHVO-2; U.S. Geological Survey, 2022), and a
reagent-grade silica dioxide blank were measured daily prior
to the beginning of data collection and routinely between
selected samples using pXRF. Precision was calculated
as the difference between the measured and standard
concentrations divided by the standard concentration and
expressed as a percent. The precision for chromium was
5.7 percent, and precision data for other trace elements
are in table B.1. Elemental concentrations differed in each
standard but approximated the range of environmental data.
Silica blank data showed no evidence of contamination or
sample carryover for chromium or most other trace elements
measured; however, low concentrations of titanium and
iron representing 0.7 and 0.05 percent of their respective
concentrations in reagent-grade silica were present in some
blank samples (Groover and Izbicki, 2018).

Portable (handheld) X-ray fluorescence data were
compared with laboratory wavelength dispersive XRF
(Phillips Magix Pro equipped with a 4,000-watt X-ray tube;
WDXRF) data on splits from 33 samples collected from
Hinkley and Water Valleys and other areas in the western
Mojave Desert (Groover and Izbicki, 2019). Least-squared
regression comparisons for pXRF and WDXRF chromium
data showed good agreement, with an intercept not
significantly different from 0 and a slope not significantly
different from 1 (table B.2). Portable (handheld) X-ray
fluorescence instrument values consistently overestimated
vanadium concentrations in standards by 300 mg/kg; as a
consequence, instrument vanadium concentrations were
adjusted by subtracting 300 mg/kg to obtain the environmental
concentration (Groover and Izbicki, 2019). The adjusted
vanadium concentration was used in statistical analyses
presented in this professional paper. Least-squares regression
comparisons between pXRF and WDXRF data for other trace
elements also are provided in table B.2.

Portable (handheld) X-ray fluorescence data also were
compared with ICP-MS data from the USGS minerals
laboratory in Denver, Colorado, on splits from 36 samples
from Hinkley and Water Valleys and other areas in the western
Mojave Desert (Morrison and others, 2018). Data collection
and analytical methods for ICP-MS data are discussed
in chapter C within this professional paper. In general,
least-squares regression comparison showed good agreement
for chromium analyzed by pXRF and ICP-MS, with a slope
not significantly different from 1, an intercept not significantly
different from zero, and a coefficient of determination (R?)
of 0.84 (table B.2). Least-squares regression comparisons
between pXRF and ICP-MS data for other trace elements also
are presented in table B.2.

B.3. Methods 7

The instrument reporting level for chromium on silica
blanks was 2.4 mg/kg. Because of matrix interference with
sample spectra, each measurement made using the pXRF
effectively has a unique reporting level. A study reporting
level (SRL) of 5 mg/kg, approximately twice the instrument
reporting level, was used for data reporting and statistical
purposes within this professional paper. The SRL is
approximately equal to the mean square error (MSE) for the
least-squares regression comparison of pXRF and WDXRF
data, and approximately twice the MSE for the comparison of
pXRF and ICP-MS data (table B.2). Data that were above the
instrument reporting level but below the SRL were censored
to values of less than 5 mg/kg for the purposes of this
professional paper. Instrument and SRLs for other constituents
measured by pXRF are provided in table B.1.

B.3.2. Statistical Methods

Differences in elemental concentrations were evaluated
on the basis of the median test (Neter and Wasserman, 1974);
correlation coefficients were evaluated using Kendall’s
Tau P correlation coefficient (Kendall, 1938; Helsel and
others, 2020). The statistical significance of differences
and correlations were evaluated at a level of significance of
0.05 unless otherwise stated. Probability values (p-values)
for individual tests are not provided. Median test results,
correlation coefficients, and statistical distributions presented
in this chapter were calculated using software from the SAS
Institute (Cary, North Carolina). Regression analysis was done
using the method of least-squares (Neter and Wasserman.
1974), regression statistics including slope, intercept,

MSE, and R? were calculated using software from the SAS
Institute. For quality assurance purposes, the significance of
slope and intercept values, relative to expected values of 1
and 0 respectively, was evaluated on the basis of the t-test
(Neter and Wasserman, 1974) at a level of significance of
0.05 unless otherwise stated. Intervals around regression
lines were calculated according to methods described by
Neter and Wasserman (1974) using Excel (Microsoft,
Redmond, Washington).

Elemental concentration data from pXRF measurements
were interpreted using principal component analysis (PCA) to
evaluate elemental assemblages and co-occurrence in samples
of surficial alluvium eroded from rock in different geologic
source terrains with core material adjacent to the screened
interval of sampled wells within Hinkley and Water Valleys.
Principal component analysis results also were used to
evaluate the effect of admixtures of local material eroded from
local sources on the elemental composition of Mojave-type
deposits within Hinkley and Water Valleys.
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Chapter B: Survey of chromium and selected element concentrations in rock, alluvium, and core material

Table B.2. Comparison between selected elemental concentrations in surficial alluvium and core material measured using portable
(handheld) energy dispersive X-ray fluorescence (pXRF), laboratory wavelength dispersive X-ray fluorescence (WDXRF), and inductively
coupled plasma-mass spectrometry (ICP-MS) data, Hinkley and Water Valleys, California, 2015 to 2018.

[Regression statistics calculated from data in Groover and Izbicki (2018) and Morrison and others (2018). Numbers rounded for presentation. Abbreviations:
mg/kg, milligram per kilogram; R?, coefficient of determination ranges from 0 for no relation to 1 for a perfect correlation; —, no data]

Least-squares regression statistics with pXRF as the dependent variable and indicated independent variable

Laboratory wavelength dispersive X-ray fluorescence Inductively coupled plasma-mass spectrometry
Element (WDXRF) (ICP-MS)
Slope Mean Intercept Slope Mean Intercept
(mg/kg pXRF/ (unitless) squared error (mg/kg) (mg/kg pXRF/ (unitless) squared error (mg/kg)
mg/kg WDXRF) (mg/kg) mg/kg ICP-MS) (mg/kg)
Arsenic (As) — — — — 0.84 0.80 0.59 1.0
Calcium (Ca) 1.4 0.90 1.1 —7,950 1.2 0.78 3,980 -2,510
Chromium (Cr) 1.04 0.84 5.1 1.4 1.00 0.97 2.3 8.9
Copper (Cu) 0.79 0.94 0.85 2.4 0.92 0.40 4.5 1.7
Iron (Fe) 1.7 0.90 1.4 380 0.81 0.68 2,940 2,900
Lead (Pb) 0.66 0.31 3.5 2.8 0.51 0.66 2.3 2.8
Manganese (Mn) 0.91 0.91 0.01 1.9 0.90 0.69 64 —14
Molybdenum (Mo) 0.73 0.88 0.83 1.7 0.22 0.13 0.18 2.1
Nickel (N1) 0.78 0.89 1.8 20 1.1 0.77 34 11
Potassium (K) 0.94 0.52 0.56 11,600 0.82 0.90 1,560 1,830
Rubidium (Rb) 0.94 0.92 4.3 10 1.1 0.93 6.5 —11
Strontium (Sr) 0.98 0.95 18 51 1.3 0.70 67 =76
Tin (Sn) — — — — 1.3 0.06 1.97 15
Titanium (Ti) 0.95 0.73 0.14 -23 0.67 0.63 294 710
Uranium U) 1.00 0.95 0.52 2.1 0.84 0.82 0.393 2.2
Vanadium V) 1.05 0.66 13 300 0.69 0.09 40.5 340
Zinc (Zn) 0.79 0.98 2.0 0.85 0.75 0.75 5.2 3.8
Zirconium (Zr) 1.3 0.91 13 11 1.6 0.88 19.6 -60

Principal component analysis is a multivariate technique
that uses matrix algebra to transform potentially correlated
and potentially non-linear data (in this case, elemental
concentrations of alluvium measured using pXRF) into new
variables, which are uncorrelated linear combinations of the
original data (Hotelling, 1933; Wold and others, 1987). The
new variables are called principal components, and there is
one principal component for each variable in the original
dataset. The magnitude of the principal components for each
measurement within the dataset is called a score. Principal
component scores are calculated from eigenvectors estimated
by PCA. Eigenvectors for each principal component range
from —1 to 1 and describe the direction (positive or negative)
and magnitude of the contribution of the original data (in this

case, pXRF elemental concentration data) to the principal
component scores. Calculations within PCA are solely
algebraic without any underlying statistical assumptions, and
principal components preserve exactly the variability within
the original data. Multivariate statistics, such as PCA, are
commonly used to interpret elemental concentration data from
geologic materials (Grunsky and de Caritat, 2019).

Principal component scores for surficial alluvium were
calculated using software from the SAS Institute (Cary, North
Carolina). Principal component scores for rocks (S,,) were
calculated from mean, standard deviation, and eigenvector
data for surficial alluvium (table B.1) according to the
following equation:
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(B.1)
where
a = alluvium, » = rock; y = is the individual
element (table B.2),
X = concentration of element y for a given

T,

rock measurement,

X, = mean concentration of element y in
alluvium measurements,
o = standard deviation from the mean for

element y in alluvium; and

E  =nth eigenvector for element y where n =1,
2,3, ...

Scores calculated for pXRF data from surficial alluvium
were compared with scores calculated for rock data to
verify PCA results with respect to identification of different
geologic source terrains. After assessing the suitability of the
comparison, scores were calculated for pXRF data from core
material adjacent to the screened interval of wells, in a manner
similar to scores for rocks (eq. B.1), to identify the geologic
source of materials penetrated by wells that are often difficult
to evaluate directly.

By design, data for PCA within this professional paper
were not normalized prior to analyses. Normalization of
data (adjusting values of variables in a dataset so they have
the same standard deviation) is commonly done to ensure
that PCA results using different types of data, expressed in
different units, are not dominated by scale differences between
the variables. In this professional paper, pXRF data for
surficial alluvium are a similar type (elemental concentrations)
and are measured in the same units (mg/kg), so scale
differences between variables are not a concern. Additionally,
normalization artificially reduces variability within data
prior to analysis and may obscure variations associated with
measured concentrations. Statistical moments (mean and
standard deviation) and PCA eigenvectors from surficial
alluvium can be used to characterize additional data collected
in the future, providing a tool to allow interpretation of
additional data as they are collected without redoing the PCA.

B.4. Chromium Concentrations in Rock,
Surficial Alluvium, and Core Material

Chromium concentrations in rock, surficial alluvium,
and core material were evaluated on the basis of more than
1,500 pXRF measurements on more than 250 samples of
rock, surficial alluvium, and core material from selected wells
(Groover and Izbicki, 2018). Manganese concentrations in
core material and the correlation between chromium and
manganese, which can oxidize trivalent chromium, Cr(III),
to Cr(VI) (Schroeder and Lee, 1975) also were examined.
Geochemical exploration techniques were adapted to
evaluate high concentrations of chromium and manganese
in core material adjacent to the screened interval of sampled
wells (fig. B.2; chapters E and F) and to identify threshold
concentrations for use within a summative-scale analysis
(SSA) later in this professional paper (chapter G) that may be
associated with high natural concentrations of Cr(VI) in water
from those wells.

B.4.1. Chromium Concentrations in Rock

Chromium concentrations from almost 200 pXRF
measurements on more than 60 samples of rock in Hinkley
and Water Valleys (fig. B.3) ranged from less than the SRL of
5 to 900 mg/kg (table B.3), with a median concentration of
26 mg/kg. Although some rocks in Hinkley and Water Valleys
have chromium concentrations greater than the average bulk
continental abundance for chromium of 185 mg/kg (Reimann
and de Caritat, 1998), chromium concentrations of rocks in
Hinkley and Water Valleys are low compared to chromium
concentrations as high as 8,600 mg/kg in mafic Pelona Schist
that crops out in the San Gabriel Mountains west of the study
area (table B.3). High chromium concentrations in mafic rock
in the San Gabriel Mountains were identified previously by
Izbicki and others (2008). Erosion of mafic rock from the San
Gabriel Mountains, such as the Pelona Schist, contributed
alluvium to the Mojave River from 1 to 3 million years ago
(prior to geologic movement of the San Gabriel Mountains
along the San Andreas Fault and the geologic development
of Cajon Pass).This alluvium was subsequently transported
to and deposited in Hinkley and Water Valleys (Groover and
Izbicki, 2019).
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Table B.3. Chromium concentrations in selected rocks, Hinkley and Water Valleys, western Mojave Desert, California.

[Data are from handheld X-ray fluorescence data in Groover and Izbicki (2018); values rounded from instrument readings. Abbreviations: mg/kg, milligram per
kilogram; —, not a mappable unit; <, less than]

Surface exposure Minimum Median Maximum
Generalized area, simplified geologic unit, and rock  in Hinkley and Number of mea-
type’ Water Valleys surements (mg/kg)
(acres)
Iron Mountain (total 9,000 acres) 3,700 — — — —
Igneous rock
Intrusive mafic (hornblende diorite, diorite) 1,260 22 11 84 530
Intrusive mafic (basalt, diabase dikes) — 16 20 410 900
Intrusive felsic (quartz diorite, granite) 111 12 <5 <5 15
Metamorphic rock
Gneiss 888 14 22 37 170
Marble 259 9 <5 <5 <5
Miscellaneous (metavolcanics, mica schist) 1,180 30 <5 26 72
Mount General (total 6,000 acres) 2,180 — — — —
Igneous rock
Intrusive mafic (hornblende diorite, diorite) 240 9 <5 29 320
Intrusive felsic (quartz diorite, granite) 327 9 <5 <5 20
Extrusive felsic (rhyolite, dacite) 654 23 10 28 64
Metamorphic rock
Gneiss 937 18 <5 24 180
Marble <20 3 <5 <5 <5
Miscellaneous (metavolcanics) <20 7 <5 38 84
Hydrothermally altered <20 18 20 48 350
Other areas
Lynx Cat Mountain (total 2,960 acres) 2,050 — — — —
Igneous (intrusive felsic) 1,370 11 <5 12 51
Metamorphic (undifferentiated) 656 15 <5 11 61
Red Hill (extrusive felsic, intrusive felsic) 64 6 14 21 47
Basalts (Water Valley) Areally extensive 15 110 180 310
Other (Including bedrock knobs, Hinkley Valley) 50 30 <5 18 310
Geologic materials outside Hinkley and Water Valleys
Mafic rock (Pelona Schist, San Gabriel Mountains) — 11 160 4,600 8,600
Typical value (mg/kg)
Bulk continental abundance (Reimann and de Caritat, 1998) 185
Ultramafic rock (Reimann and de Caritat, 1998) 2,300
Basalt (Reimann and de Caritat, 1998) 250

Geologic units and areal extent of units simplified from Jennings and others (2010). Rock type from field descriptions (Groover and Izbicki, 2018).
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Chromium concentrations in rocks within Hinkley and
Water Valleys are highest in basalt, intruded within marble in
the northern part of Iron Mountain (table B.3). This intrusive
basalt (fig. B.4) is present only as thin dikes within the marble,
has limited areal extent, and is not mapped as a discrete unit
(fig. B.3). Chromium concentrations are as high as 530 mg/kg,
with a median concentration of 84 mg/kg (table B.3), in
intrusive mafic rock (hornblende diorite and diorite; fig. B.4),
which crops out over 34 percent of the east slope of Iron
Mountain that drains toward Hinkley Valley (fig. B.3).
Chromium concentrations are as high as 170 mg/kg (table B.3)
in gneiss, which crops out over 24 percent of the east slope of
Iron Mountain. However, this gneiss is not consistently high
in chromium and has a median concentration of 37 mg/kg
(table B.3). Intrusive felsic rock (such as quartz diorite and
granite), marble, and other miscellaneous metamorphic rock
(such as metavolcanics and mica schist), which collectively
crop out over 42 percent of the east slope of [ron Mountain,
have lower chromium concentrations, commonly less than
5 mg/kg (table B.3). Mafic and gneissic bedrock similar
to rocks that crop out on Iron Mountain underlie much of
the western and northern parts of Hinkley Valley south of
the Mount General fault and are present in core material
from wells that penetrate bedrock in those areas (Miller and
others, 2020).

Intrusive mafic rocks also crop out on the southern part
of Mount General. Chromium concentrations in these rocks
are slightly lower than similar rocks from Iron Mountain,
with a maximum concentration of 320 mg/kg and a median
concentration of 29 mg/kg (table B.3). Intrusive mafic rocks
crop out over 11 percent of the western slope of the southern
part of Mount General that drains toward Hinkley Valley
(fig. B.3). In recent geologic time, since the Mojave River
flowed past Barstow to create and maintain Lake Manix (not
shown on fig. B.2) about 500,000 years ago (Reheis and
others, 2012), material eroded from the southern part of Mount
General would largely have been transported out of Hinkley
Valley by the Mojave River. Chromium concentrations are
as high as 180 mg/kg in gneiss that crops out over 43 percent
of the west slope of Mount General (table B.3). However,
similar to gneiss that crops out on Iron Mountain, these
rocks are not consistently high in chromium, with median
chromium concentrations of 24 mg/kg. Volcanic rock (dacite
and rhyolite) that crop out over 30 percent of the west
slope of Mount General, thought to be a potential source of
chromium, have concentrations as high as 64 mg/kg, with
a median chromium concentration of 28 mg/kg (table B.3).

Figure B.4. Chromium-containing rock A, basalt dike in
marble and B, hornblende diorite, Iron Mountain, Hinkley
Valley, western Mojave Desert, California. (Photographs by
Krishangi Groover, U.S, Geological Survey, July 2017.)
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Although chromium concentrations in Mount General are
not as high as concentrations on Iron Mountain, Mount
General is extensively mineralized with high concentrations
of other elements, including arsenic, copper, lead, silver,
uranium, vanadium, and zinc (Housley and Reynolds,
2002). Some mineralized hydrothermal rocks from Mount
General have chromium concentrations as high as 350 mg/kg,
arsenic concentrations as high as 1,400 mg/kg, and uranium
concentrations as high as 180 mg/kg. For comparison, the
average bulk continental abundance of arsenic and uranium
are | and 0.9 mg/kg, respectively (Taylor and McLennan,
1995). Similar to intrusive basalt within marble outcrops

on [ron Mountain, hydrothermal rock on Mount General

is not areally extensive, and is not mapped as a discrete
unit (fig. B.3).

Chromium concentrations in felsic and metamorphic
(including gneiss) rock that crop out on Lynx Cat Mountain
and Red Hill, in the northern part of Hinkley Valley and the
southern part of Water Valley (fig. B.3), are low with median
concentrations of 12 and 11 mg/kg, respectively (table B.3).
Basalts that crop out extensively within Water Valley are
consistently near or higher than the average bulk continental
abundance for chromium, with chromium concentrations
ranging from 108 to 310 mg/kg and a median concentration
of 180 mg/kg (table B.3). In some areas, basalt flows are
interbedded with alluvial deposits (Ninyo and Moore, 2009;
Stantec, 2013), and basalt fragments were commonly present
in core material from wells in Water Valley (Groover and
Izbicki, 2018; Miller and others, 2020). Basalts are not
present in Hinkley Valley near the Hinkley compressor station
(fig. B.3).

Bedrock knobs within Hinkley Valley, composed of
metamorphic rock (including gneiss, marble, and other
miscellaneous metamorphic rock), or extrusive volcanic
rock near Mount General, have generally low chromium
concentrations, with a median concentration of 18 mg/kg.
Chromium concentrations as high as 310 mg/kg (table B.3)
were measured in intrusive mafic rock (hornblende diorite)
in a knob near Iron Mountain (fig. B.3). However, the
bedrock knob closest to the “western excavation site,” an area
associated with chromium-containing groundwater above the
3.1 pg/L interim regulatory background (Lahontan Regional
Water Quality Control Board, 2014), had a median chromium
concentration of 26 mg/kg (table B.3), with a maximum
concentration of 45 mg/kg in a small inclusion within the host
gneiss (Groover and Izbicki, 2018).

B.4.2. Chromium Concentrations in Surficial
Alluvium

Elemental concentrations in rock in complex geologic
settings often differ across short distances. As a consequence,
it can be difficult to sample rocks to obtain data representative

the larger geologic source terrain. In contrast, samples

from alluviated stream channels and alluvial fans integrate
(by physical mixing within the stream channel) material
eroded from rocks in upstream source terrains. Elemental
concentrations from alluvial deposits often provide a

more representative average approximation of elemental
concentrations and co-occurrence within the larger area
upstream of the sample location than data from rock or soil
(Chaffee, 1975; Painter and others, 1994). This is especially
true for alluviated stream channels in desert areas where
erosion, dominated by mechanical processes, predominates,
and chemical changes associated with mineral weathering,
leaching, and soil development in surficial alluvium within
active stream channels are less important.

Chromium concentrations in 179 measurements on
more than 55 samples of surficial alluvium from alluviated
stream channels draining Iron Mountain, Mount General,
Lynx Cat Mountain, and other areas within Hinkley and
Water Valleys (fig. B.3) ranged from less than the SRL of
5 to 295 mg/kg, with a median concentration of 22 mg/kg
(fig. B.5). Concentrations are generally lower in material
within alluviated stream channels than in rock because of
physical mixing and averaging of material from different
sources (Chaffee, 1975; Painter and others, 1994; Groover and
Izbicki, 2019).

Surficial alluvium eroded from rocks that crop out on
Iron Mountain has a median concentration of 48 mg/kg and
a maximum concentration of 295 mg/kg in alluvium eroded
from hornblende diorite (fig. B.5). Four samples of alluvium
eroded from Iron Mountain have chromium concentrations
greater than 100 mg/kg. However, not all alluvium eroded
from Iron Mountain is high in chromium, and chromium
concentrations less than 5 mg/kg were measured in alluvium
eroded from intrusive felsic and miscellaneous metamorphic
rock that compose the southern part of Iron Mountain near the
channel of the Mojave River (fig. B.3).

Median chromium concentrations in surficial alluvium
eroded from Mount General and Lynx Cat Mountain in
Hinkley and Water Valleys of 20 and 22 mg/kg, respectively
(fig. B.5), were significantly different from median chromium
concentrations in alluvium eroded from Iron Mountain.
Alluvium eroded from basaltic terrain in the Water Valley
area is not well represented in pXRF data. Most stream
channels draining basaltic terrain are not alluviated; where
unconsolidated material is present within these channels, it is
largely aeolian material from Harper (dry) Lake and has low
chromium concentrations. Some alluvium in Water Valley
was eroded from Miocene continental deposits within the
Mud Hills (fig. B.3) east of the study area; these continental
deposits have low chromium concentrations less than 8 mg/kg
(Groover and Izbicki, 2018).
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Figure B.5. Chromium concentrations in surficial alluvium eroded
from A, Iron Mountain, Mount General, and other areas; and B,
recent (active channel) and older Mojave River alluvium, Hinkley
and Water Valleys, western Mojave Desert, California. Data are
available in Groover and Izbicki (2018).

Most of the unconsolidated deposits in Hinkley and
Water Valleys were sourced from the Mojave River (Miller
and others, 2018, 2020), rather than from local sources such as
Iron Mountain or Mount General. In the geologic past, erosion
of high-chromium, mafic rock in the San Gabriel Mountains,
such as the Pelona Schist (table B.3), contributed alluvium to
the Mojave River (Groover and Izbicki, 2019). As a result of
changes in the alluvial source area through recent geologic
time, Mojave River alluvium in the western subarea has a
median chromium concentration of 33 mg/kg. This value was

significantly lower than median chromium concentrations

in alluvium eroded from Iron Mountain (38 mg/kg) and
significantly higher than median chromium concentrations in
alluvium eroded from Mount General and Lynx Cat Mountain
(20 and 22 mg/kg, respectively; fig. B.5). In contrast, recent
alluvium from the active channel of the Mojave River, eroded
from low-chromium intrusive felsic rock (primarily quartz
monzonite) in the San Bernardino Mountains, had a median
chromium concentration less than 5 mg/kg (fig. B.5).

B.4.3. Chromium Concentrations in Core
Material

More than 1,080 pXRF measurements were done on
core material from 100 wells at selected sites (fig. B.3;
Groover and Izbicki, 2018). Of those, more than 490 pXRF
measurements were done on core material adjacent to the
screened intervals of 79 wells sampled and analyzed for water
chemistry (chapter E) and isotope composition (chapter F)
in Hinkley and Water Valleys as part of this study (fig. B.2).
Water from more than 100 wells was sampled and analyzed
as part of this study, but core material was not available for
pXRF analyses for domestic wells or for most monitoring
wells drilled before 2011.

Lithology of aquifer material adjacent to the screened
interval of sampled wells included coarse-gravel, sand,
silt, and clay. Depositional provenances (Miller and others,
2018, 2020) included Mojave River stream, lake-margin,
local alluvial fan deposits, lake (lacustrine), mudflat/playa,
and groundwater discharge deposits (chapter A, table A.1).
Weathered bedrock also was present adjacent to the screened
interval of some sampled wells. Mojave River stream and
lake-margin provenances represent Mojave-type deposits
eroded from the San Bernardino Mountains (and in part from
the San Gabriel Mountains for geologically older deposits),
transported to and deposited within Hinkley and Water Valleys
by the Mojave River. The areal and vertical distribution of
depositional provinces interpreted from core material in
PG&E monitoring wells as part of this study is discussed by
Miller and others (2020). Most wells were screened across
more than one lithology, and in many cases across more
than one depositional provenance (Groover and Izbicki,
2018). Some wells were screened in intervals where aquifer
material had been altered by weathering or by the formation
of secondary minerals, including (1) calcite deposited within
former groundwater-discharge areas near the toe of buried
alluvial fan deposits (groundwater-discharge deposits) or
(2) visually abundant iron or manganese oxides formed on the
surfaces of mineral grains near redox boundaries associated
with geologic contacts, lithologic contacts, or the water table.
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Chromium concentrations in core material adjacent to
the screened intervals of sampled wells ranged from less
than the SRL of 5 to 410 mg/kg (fig. B.6), with a median
concentration of 23 mg/kg. Median concentrations in core
material were lower in the eastern subarea (20 mg/kg) and
Water Valley (23 mg/kg), and median concentrations were
higher in the northern (27 mg/kg) and western subareas
(33 mg/kg; fig. B.7). Median chromium concentrations
in the eastern subarea were significantly different from
median concentrations in the western and northern subareas.
Chromium concentrations were lowest in core material from
wells completed in coarser-textured Mojave River stream
deposits, with median concentrations ranging from 14 to
16 mg/kg (fig. B.7). Median chromium concentrations in all
three subareas and in Water Valley increased as depositional
provenance changed from generally coarse-textured Mojave
River stream to lake margin to mudflat/playa deposits as
the materials became finer-textured. In addition to changes
in chromium concentrations with depositional provenance,

chromium concentrations within Mojave River stream
(fig. B.84) and lake-margin provenances (fig. B.8B) also
increased in finer-textured material.

Median chromium concentrations in fine-textured
mudflat/playa deposits in the eastern subarea were 38 mg/kg
(fig. B.7), with concentrations as high as 76 mg/kg in mudfiat/
playa deposits penetrated by well MW-199S1 near Mount
General (fig. B.6). Median chromium concentrations
in mudflat/playa deposits in the northern subarea were
45 mg/kg (fig. B.7), with concentrations as high as 85 and
75 mg/kg in core material adjacent to the screened interval
of wells MW-133S1 and MW-154S1, respectively (fig. B.6).
Although chromium concentrations in mudflat/playa deposits
in the western subarea and Water Valley were similar to
concentrations in the northern subarea, mudflat/playa deposits
were encountered less frequently by sampled wells in the
western subarea and Water Valley than elsewhere in the study
area. Mineralogy of mudflat/playa deposits in the eastern
and northern subareas were examined as a potential source
of Cr(VI) in water from wells in greater detail in chapter C
within this professional paper.
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Figure B.8. Chromium concentrations by texture in Mojave-type deposits, including A, Mojave River alluvium and B, lake-margin
deposits, adjacent to the screened interval of wells sampled in Hinkley and Water Valleys, western Mojave Desert, California, 2015

through 2018. Data are available in Groover and Izbicki (2018).

Median chromium concentrations in locally derived
alluvium and weathered bedrock were commonly lower
than concentrations in mudflat/playa deposits but higher
than concentrations in Mojave-type deposits, except in the
western subarea where chromium concentrations in locally
derived alluvium and weathered bedrock ranged widely
(fig. B.7). Chromium concentrations adjacent to the screened
intervals of wells MW-153S and MW-203D completed in
weathered mafic hornblende diorite bedrock (fig. B.9) and
Miocene deposits underlying unconsolidated deposits in
the western ‘subarea were as high as 405 and 347 mg/kg,

respectively (fig. B.6). Chromium concentrations were as high
as 120 mg/kg in fine-textured lake-margin deposits having
visually abundant iron- and manganese-oxide coatings on the
surfaces of mineral grains adjacent to the screened interval

of well MW-121D in the western subarea (fig. B.10). Well
MW-121D overlies mafic weathered bedrock, similar to
material penetrated by MW-153S. Visually abundant iron- and
manganese-oxide coatings on the surfaces of mineral grains in
well MW-121D (fig. B.10) may have developed in response to
differences in redox conditions near the geologic contact with
chromium-containing hornblende diorite.
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Figure B.9. Weathered hornblende diorite adjacent
to the screened interval of well MW-153S, western
subarea, Hinkley Valley, western Mojave Desert,
California. (Photograph by Krishangi Groover,

U.S. Geological Survey, March 2015.)

Figure B.10. Visually abundant secondary iron- and
manganese-oxide coatings on core material adjacent
to the screened interval of well MW-121D, western
subarea, Hinkley Valley, California. (Photograph by
Krishangi Groover, U.S. Geological Survey, July 2015.)

Median chromium concentrations in lake deposits were
35 mg/kg (not shown on fig. B.7; Groover and Izbicki, 2018).
These materials compose the blue clay (chapter A, fig. A.6)
and were generally deposited prior to the arrival of the Mojave
River in Hinkley Valley (chapter A, fig. A.5). The blue clay

is reduced, and pore fluids associated with these deposits are
not associated with high concentrations of Cr(VI). Chromium
concentrations ranging from 145 to 155 mg/kg associated with
lake deposits containing basaltic fragments were present in
core material adjacent to the screened interval of MW-186S3
in Water Valley. Median chromium concentrations in buried
groundwater-discharge deposits were 16 mg/kg (not shown

on fig. B.7; Groover and Izbicki, 2018). These calcite-rich,
fine-textured materials were formed as a result of groundwater
discharge near the toe of alluvial fans (chapter A, fig. A.5).
Although generally low in chromium, concentrations were as
high as 45 mg/kg in core material containing visually abundant
iron and manganese oxides on the surfaces of mineral grains
adjacent to the screened interval of well MW-129S.

Graphical examination of elemental concentrations in
geologic materials is used to identify materials of potential
economic value as high concentrations depart from a
log-normal data distribution (Sinclair, 1976; Rose and others,
1979; Risdianto and Kusnadi, 2010). Using this graphical
approach, chromium concentrations in core material were
distributed log-normally until an inflection point at about
85 mg/kg (fig. B.114). This value is less than the average
bulk continental abundance for chromium of 185 mg/kg
(Reimann and de Caritat, 1998) and was used later in this
professional paper as the summative-scale threshold value
for chromium in core material used to evaluate high natural
Cr(VI) concentrations in water from wells (chapter G). About
3 percent of core material adjacent to the screened interval
of six sampled wells had higher chromium concentrations
than expected from a log-normal distribution (table B.4).
Sampled wells that have core material with chromium
concentrations greater than 85 mg/kg included (1) MW-153S
screened in weathered hornblende diorite bedrock in the
western subarea, (2) MW-203D screened in Miocene deposits
underlying unconsolidated material in the western subarea,

(3) MW-186S3 screened in lake deposits containing basalt
fragments in Water Valley, (4) MW-121D and MW-128S1
screened in Mojave-type deposits containing visually abundant
secondary iron- and manganese-oxide coatings on the surfaces
of mineral grains, and (5§) MW-133S1 screened in fine-textured
mudflat/playa deposits within the northern subarea (fig. B.6).
Only weathered hornblende diorite bedrock adjacent to the
screened interval of well MW-153S (fig. B.9) had chromium
concentrations consistently greater than the summative-scale
threshold of 85 mg/kg throughout the screened interval

of the well. These data demonstrate that high-chromium
concentrations in core material result from a number of
different processes, which are not solely related to geologic
source terrain. Although most high chromium concentrations
are in silt or finer-textured material, oxide coatings on the
surfaces of coarse-textured materials also provide additional
surface-sorption sites for chromium and other trace elements,
increasing their concentrations compared to host materials.
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Figure B.11. Distribution of A, chromium and B, manganese in core
material adjacent to the screened interval of sampled wells, Hinkley
and Water Valleys, California. Data are available in Groover and
Izbicki (2018).

B.4.4. Manganese Concentrations in
Core Material

In natural conditions, manganese oxides on the surfaces
of mineral grains can oxidize Cr(III) to Cr(VI) (Schroeder
and Lee, 1975). Manganese concentrations in core material
adjacent to the screened interval of sampled wells in Hinkley
and Water Valleys ranged from 28 to 4,930 mg/kg, with a
median concentration of 340 mg/kg. Although manganese
concentrations in core material are not discussed with
the same level of detail as chromium, examination of
data presented by Groover and Izbicki (2018) shows that
manganese concentrations in core material within Hinkley and
Water Valleys differ by subarea, depositional provenance, and
texture in a manner similar to chromium. The oxidation state
of manganese is not measured by pXRF but was evaluated on
the basis of X-ray absorption near-edge structure (XANES;
chapter C) and redox data (chapter E) later within this
professional paper.

Similar to chromium, manganese concentrations in core
material also were distributed log-normally until an inflection
point at about 970 mg/kg (fig. B.11B). This value is less than
the average bulk continental abundance for manganese of
1,400 mg/kg (Reimann and de Caritat, 1998) and was used
later within this professional paper as the summative-scale
threshold value for manganese in core material used to
evaluate high natural Cr(VI) concentrations in water from
wells (chapter G). About 5 percent of core material adjacent
to the screened interval of 13 sampled wells (table B.4)
have higher manganese concentrations than expected from a
log-normal distribution. These wells include (1) MW-153S
screened in weathered hornblende diorite bedrock in the
western subarea, (2) MW-203D screened in Miocene
deposits underlying unconsolidated material in the western
subarea, (3) MW-136S2 and MW-154S1 in the northern
subarea and MW-115S and BG-0004C in the eastern subarea
screened in fine-textured mudflat/playa or lake deposits, and
(4) BG-0004A, MW-121D, MW-128S1, and MW-186S3,
which penetrate core material with visually abundant
secondary iron- and manganese-oxide coatings on the surfaces
of mineral grains (table B.4). Wells MW-153S, MW-121D,
and MW-203D were previously identified as having chromium
concentrations greater than the SSA threshold value of 85 mg/
kg. Core material collected from 72 to 77 ft below land surface
(bls) adjacent to the screened interval of well MW-154S1,
sieved to remove gravel greater than 2 millimeters in diameter
prior to mineralogic analyses (chapter C), also had chromium
concentrations greater than the threshold value of 85 mg/kg.
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Chromium and manganese in core material from sampled
wells are correlated with an R?=0.61 (fig. B.12). Core material
with more chromium than expected on the basis of its
manganese concentration plots above the 95-percent predictive
interval around the least-squares regression line through the
data and includes material from wells MW-203D (in Miocene
deposits), MW-153S (in weathered hornblende diorite), and
MW-186S3 (in lake deposits containing basaltic fragments and
visually abundant iron- and manganese-oxide coatings on the
surfaces of mineral grains) that exceed the summative-scale
threshold for chromium of 85 mg/kg (Groover and Izbicki,
2018). Core material from well BG-0005A completed in older
Mojave River deposits had more chromium than expected on
the basis of manganese concentrations in core material but did
not exceed the SSA threshold of 85 mg/kg. Core material with
less chromium than expected on the basis of its manganese
concentration plots below the lower 95-percent predictive
interval around the least-squares regression line and includes
material from wells MW-131S1 containing accumulations of
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Figure B.12. Chromium as a function of manganese in core
material adjacent to the screened interval of sampled wells,
Hinkley and Water Valleys, California. Data are available in
Groover and Izbicki (2018).

calcite associated with local geology, MW-119S in calcite-rich
groundwater-discharge deposits, and BG-0005B and
BG-0006A completed in caliche containing material (Groover
and Izbicki, 2018). Core material from well MW-208S also
plots below the lower 95-percent predictive interval around
the least-squares regression line. Well MW-208S is within the
October—-December 2015 (Q4 2015) regulatory Cr(VI) plume
and had a Cr(VI) concentration of 2,500 ng/L, the highest
concentration sampled as part of this study. The chromium and
manganese composition of core material from well MW-208S
may be consistent with alteration of aquifer materials by
high concentrations of Cr(VI), a strong oxidant, within the
regulatory Cr(VI) plume.

High chromium and high manganese concentrations
in core material result from a number of different processes
related to geologic source terrain and mineralogy. Most
chromium and manganese concentrations greater than the
SSA thresholds were present in silt or finer-textured material,
and high concentrations were only present in coarse-sand
textured Mojave River alluvium where visible accumulations
of secondary iron- and manganese-oxide coatings on mineral
grains were present. Mineralogy and weathering of minerals
within aquifer materials is discussed in greater detail in
chapter C within this professional paper.

B.5. Elemental Assemblages in
Surficial Alluvium, Rock, and
Core Material

Principal component analysis was done to confirm
interpretations of the occurrence of chromium within selected
geologic source terrains within Hinkley and Water Valleys and
to identify trace-element assemblages characteristic of those
terrains. First, trace-element assemblages characteristic of
selected geologic source terrains were identified using pXRF
data from surficial alluvium. Second, these assemblages were
confirmed using pXRF data from rock. Third, characteristic
trace-element assemblages were used to identify the geologic
source of material adjacent to the screened interval of sampled
wells that may be difficult to identify solely on the basis
of physical examination of core material. Trace-element
assemblages that differ from the expected composition of
the primary provenance were used evaluate the presence of
admixtures of material eroded from local sources to core
material adjacent to the screened interval of sampled wells.
Finally, principal component scores were compared to data
from wells elsewhere in the Mojave River groundwater basin
to determine if chromium and concentrations of other elements
in Hinkley and Water Valleys are in some way unique and
differ from elemental assemblages present in nearby areas.
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B.5.1. Elemental Assemblages in
Surficial Alluvium

Portable (handheld) X-ray fluorescence data include
179 measurements from more than 55 samples of surficial
alluvium collected from alluviated stream channels, locally
derived alluvial fan material, and Mojave River alluvium.
Chromium in surficial alluvium was positively correlated with
mafic elements including titanium, copper, manganese, and
iron, with the largest magnitude Kendall’s Tau B correlation
coefficient (Kendall, 1938; Helsel and others, 2020) of 0.75
between chromium and iron (fig. B.13). The association of
chromium with mafic elements is consistent with higher
concentrations of chromium in older Mojave River alluvium
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Figure B.13. First and second principal component analysis

eigenvectors for surficial alluvium, Hinkley and Water Valleys,
western Mojave Desert, California. Statistics were calculated
from data available in Groover and Izbicki (2018).

containing mafic Pelona Schist eroded from the San Gabriel
Mountains and with chromium in surficial alluvium eroded
from hornblende diorite that crops out on Iron Mountain.
Chromium and nickel commonly co-occur in mafic material
and have similar PCA eigenvectors but have a comparatively
low correlation coefficient of 0.22 (fig. B.13). Chromium

in surficial alluvium is inversely correlated with the felsic
elements, potassium and rubidium, consistent with low
concentrations of chromium in recent Mojave River alluvium
and higher chromium concentrations in older Mojave River
alluvium, which contains some mafic alluvium eroded from
the San Gabriel Mountains. Eigenvectors for potassium and
rubidium are similar to eigenvectors for uranium. Uranium
is present in felsic rock in the San Bernardino Mountains
(U.S. Geological Survey, 2004; Smith and others, 2014;
Groover and Izbicki, 2019).

Most first and second principal component scores for
surficial alluvium were grouped near zero with a range of —3
to 3 along the x-axis (first principal component) and a range
of —2 to 1 along the y-axis (second principal component;
fig. B.144). Samples of Mojave River alluvium generally fall
within this body of data. Alluvium from the active channel
of the Mojave River has a highly felsic composition, defined
by more negative first principal component scores. Most
chromium concentrations are generally less than the SRL of
5 mg/kg (fig. B.144). Outside this body of data, principal
component scores were distributed within three groups
having different elemental assemblages representing different
geologic source terrains.

The first group of data (fig. B.14B) has large magnitude
positive first principal component scores and small magnitude
negative second principal component scores. Large magnitude
first principal component scores result from positive first
PCA eigenvectors for calcium, iron, and chromium and
other elements listed in table B.4. Higher concentrations of
those elements are commonly associated with mafic terrain
(Reimann and de Caritat, 1998). Negative second principal
component scores result from lower concentrations of
potassium and rubidium. Samples eroded from intrusive
mafic rock (such as hornblende diorite and diorite) and
mafic metamorphic rock (such as gneiss) that crop out on
Iron Mountain are within this group (fig. B.14B). Chromium
concentrations within this group generally increase as the
elemental assemblages within alluvium becomes increasingly
mafic (fig. B.14B). The ten highest chromium concentrations,
and 17 of 23 samples of surficial alluvium with chromium
concentrations greater than 50 mg/kg, were in surficial
alluvium eroded from Iron Mountain.
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Figure B.14. First and second principal component scores for surficial alluvium eroded from selected source terrains, showing
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comparisons with A, surficial Mojave River alluvium and chromium concentrations, B, surficial alluvium eroded from Iron Mountain and
chromium concentrations, and C, surficial alluvium eroded from Mount General and uranium concentrations, Hinkley and Water Valleys,

western Mojave Desert, California. Statistics were calculated from data available in Groover and Izbicki (2018).
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The second group of data (fig. B.14C) has large
magnitude second principal component scores. These
large magnitude scores reflect positive second principal
component eigenvectors for rubidium, potassium, uranium,
and lead (table B.5). Higher concentrations of those elements
are commonly associated with felsic terrain, but also are
associated with hydrothermal or volcanic terrains (Reimann
and de Caritat, 1998; Housley and Reynolds, 2002). Samples
eroded in part from hydrothermal and volcanic rock (such as
rhyolite and dacite) that crop out on Mount General define
this group (fig. B.14C). Uranium concentrations within this
group generally increase as second principal component scores
increase, with 7 of the 10 highest uranium concentrations in
surficial alluvium eroded from Mount General (fig. B.14C).
Chromium concentrations in surficial alluvium eroded from
Mount General are not high, except in alluvium eroded from
intrusive mafic (hornblende diorite) rock on the southern end
of Mount General. As previously discussed, in recent geologic
time much of this material would have been transported to
areas outside Hinkley Valley by the Mojave River.

The third group of data (fig. B.14C) has large magnitude
first and second principal component scores. Concentrations
of most trace elements are higher than concentrations in recent
Mojave River alluvium and generally increase within this
group as first and second principal component scores increase.
Increases in elemental concentrations are consistent with finer
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texture, greater surface area, and greater sorption of trace
elements on oxide coatings on the surfaces of mineral grains
within fine-textured deposits (Groover and Izbicki, 2019).
Samples from fine-textured mudfiat/playa deposits and other
fine-textured alluvial deposits (such as mud sampled along
alluviated stream channels) define this group (fig. B.14C).
However, most chromium concentrations in surficial mudflat/
playa deposits were less than 50 mg/kg, with the highest
concentration of 52 mg/kg, and most uranium concentrations
were less than the study reporting limit of 1.2 mg/kg. Mudflat/
playa and fine-textured deposits in Hinkley and Water Valleys
are largely sourced from the Mojave River; their felsic
elemental composition differs from the mafic composition of
fine-textured material in the northern subarea and within playa
deposits eroded from mafic terrain elsewhere in the Mojave
Desert, such as El Mirage (dry) Lake (Groover and Izbicki,
2019; fig. B.2), which has chromium concentrations as high as
490 mg/kg (not shown on fig. B.14C).

As previously discussed, most stream channels draining
basaltic terrain are not alluviated and contain largely aeolian
material from Harper (dry) Lake. These materials have a felsic
composition typical of Mojave-type-deposits, and surficial
alluvium eroded from basaltic volcanic terrain in the Water
Valley area is not well-represented by PCA scores calculated
from surficial alluvium.



B.5. Elemental Assemblages in Surficial Alluvium, Rock, and Core Material

Table B.5. Mean concentration, standard deviation, first, second, and third eigenvectors for selected

elements from principal component analyses (PCA) of alluvium from known source terrains, Hinkley and Water

Valleys, California.

[Mean, standard deviation, and eigenvectors calculated from portable X-ray fluorescence (pXRF) data for surficial alluvium eroded
from known source areas in Groover and Izbicki (2018). Range in bulk continental abundance for selected elements from Nriagu

and Nieboer (1988) and Reimann and de Caritat (1998). Abbreviations: mg/kg, milligram per kilogram; —, not applicable]

Difference between

Standard B.UIk Load_ing Loading loadings on the
Element! Symbol Mean deviation continental on first on second first and second
(mg/kg) (mg/kg) abundance elge!lvector elgepvector eigenvectors
(mg/kg) (unitless) (unitless) (unitless)
Elements associated with mafic source terrains
Calcium Ca 31,900 25,500 38,500-52,900  0.33546 —-0.12106 0.45652
Iron Fe 18,900 15,600 43,200-70,700  0.39743 —0.05264 0.45007
Chromium Cr 28.2 33.7 126185 0.30335 —0.07887 0.38221
Titanium Ti 2,160 1,380 4,010-5,400 0.36199 0.01987 0.34212
Copper Cu 14.8 14.5 25-75 0.32978 0.01050 0.31927
Strontium Sr 458 173 260-330 0.19303 —0.10374 0.29677
Manganese Mn 351 234 720-1,400 0.38441 0.10181 0.28260
Nickel Ni 28.7 12.2 56-105 0.16433 —-0.11539 0.27972
Elements not strongly associated with a particular source terrains
Molybdenum Mo 1.3 1.0 1-1.2 0.17699 0.09416 0.08283
Tin Sn 12.5 6.7 2.3-2.5 0.08810 0.01703 0.07107
Arsenic As 7 7.2 1-1.8 0.22587 0.19234 0.03353
Vanadium \' 113 222 98-230 0.14674 0.17874 —0.03200
Zirconium Zr 175 115 100-203 0.04840 0.11038 —0.06197
Zinc Zn 38.2 27.5 65-80 0.23532 0.37026 —0.13495
Elements associated with felsic, hydrothermal, or volcanic source terrains

Lead Pb 16.5 13.9 8-14.8 —0.03230 0.37054 —0.40284
Uranium U 1.8 0.8 0.91-2.7 —0.05152 0.35439 —-0.40591
Potassium K 26,200 11,500 9,100-21,400 —0.07773 0.47629 —0.55402
Rubidium Rb 111 55.3 32-90 —0.08111 0.47359 —0.55471
Proportion of variance explained (percent of total) 29 21 —
Cumulative variance explained (percent of total) 29 50 —

'Elements ranked by difference between first and second principal components. Elemental data are from Groover and Izbicki

(2018).
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B.5.2. Elemental Assemblages in Rock

Almost 200 pXRF measurements on more than
60 samples of rock (fig. B.3) collected in and near Hinkley
and Water Valleys were used to evaluate performance of PCA
results from surficial alluvium (fig. B.15). Rock data were
not included within the PCA; instead, principal component
scores for rock were calculated from eigenvectors estimated
using PCA from surficial alluvium data (table B.1) using
equation B.1. As expected, principal component scores
calculated for rock in Hinkley and Water Valleys have greater
magnitude and greater range (fig. B.14) than scores for
alluvium eroded from source terrains containing those rocks
(note scale differences between figures B.14 and B.15).

The general pattern and distribution of principal
component scores calculated for rocks sampled from
Iron Mountain (fig. B.154; highly positive first principal
component scores and smaller magnitude second principal
component scores) is consistent with the composition of
surficial alluvium eroded from that area (fig. B.14B). Intrusive
basalts and mafic intrusive rock (hornblende diorite and
diorite) from Iron Mountain have a similar mafic elemental
assemblage, characterized by high magnitude positive
first principal component scores, with the basalts having a
more strongly mafic elemental assemblage than other mafic
intrusive rock. Chromium concentrations generally increase
with increasing first principal component scores for both rock
types. Intrusive basalts have a limited areal extent within
Iron Mountain, and although they have high chromium
concentrations, they have limited impact on the elemental
composition of alluvium eroded from Iron Mountain. The
principal component scores for other rocks sampled from Iron
Mountain range from felsic to mafic. Many rocks the crop
out on Iron Mountain that have mafic elemental compositions
have low chromium concentrations (fig. B.154; table B.3).

In contrast to Iron Mountain, rocks from Mount General
(fig. B.15B) have a wider range of elemental compositions
than expected from PCA of surficial alluvium eroded from this
area. Hydrothermal and some felsic volcanic rock from Mount
General are highly mineralized, with high concentrations
of arsenic, copper, lead, silver, uranium, vanadium, zinc,
and other elements (Housley and Reynolds, 2002). Portable
(handheld) X-ray fluorescence data show arsenic, lead,
and uranium concentrations in hydrothermal rock from
Mount General are as high as 1,700, 3,520, and 180 mg/kg,
respectively. These mineralized rocks have high magnitude
second principal component scores, occasionally greater than
1,000 (unitless; high values are not shown on fig. B.15B).
Less mineralized hydrothermal and extrusive volcanic rocks
(dacite and rhyolite) have high magnitude positive second
principal component scores, similar to principal component

scores in surficial alluvium. Mafic elemental compositions
(large magnitude positive first principal component scores and
negative second principal component scores) were calculated
for pegmatite (not shown as a mappable unit on fig. B.3) that
crops out within some intrusive felsic units on Mount General.
Despite their mafic character, Mount General pegmatites have
low chromium concentrations generally less than 5 mg/kg
(Groover and Izbicki, 2018).

Felsic granitic rock from Lynx Cat Mountain is similar
in elemental composition to alluvium eroded from felsic rock
in the San Bernardino Mountains and transported to the area
by the Mojave River (fig. B.15C). Alluvium eroded from
granite composing Lynx Cat Mountain would be difficult to
distinguish from Mojave River alluvium on the basis of its
elemental composition. Basaltic rock within Water Valley
has higher magnitude first and second principal component
scores than Mojave River alluvium (fig. B.15C). Although
calculated principal component scores for basalt are greater
in magnitude, their elemental composition is similar to scores
for some mudflat/playa deposits in the northern subarea. The
median chromium concentrations for basaltic rock in Water
Valley is 180 mg/kg with some concentrations as high as
310 mg/kg (table B.3).

B.5.3. Elemental Assemblages in Core Material

Elemental assemblages and co-occurrence in core
material from 490 pXRF measurements from sampled wells
were examined on the basis of the first and second principal
component scores. Scores for core material were calculated
from eigenvectors for surficial alluvium in the same manner
as rock data. The data were used to evaluate core material
adjacent to well screens to identify (1) the geologic source
of material adjacent to the screened interval of sampled
wells that may be difficult to identify solely on the basis of
physical examination of core material and (2) the presence of
admixtures within core material eroded from different sources.
In addition, the data also were used to identify the effect of
secondary alteration of alluvium in groundwater-discharge
areas and secondary alteration as a result of accumulation of
iron- and manganese-oxide coatings on the surfaces of mineral
grains near geologic, lithologic, and redox boundaries. As
part of this exercise, pXRF data measured on core material in
Hinkley and Water Valleys were compared with pXRF data
measured on drill cuttings collected from wells elsewhere in
the western Mojave Desert (Groover and Izbicki, 2018) to
determine if concentrations of chromium and other elements in
Hinkley and Water Valleys are in some way unique and differ
from elemental assemblages present in nearby areas.
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Figure B.15. First and second principal component scores for rock from A, Iron Mountain, B, Mount General, and C, Lynx Cat
Mountain and Water Valley basalts, Hinkley and Water Valleys, California. Statistics were calculated from data available in
Groover and Izbicki (2018).
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The distribution and magnitude of calculated first and
second principal component scores in core material was
similar to the distribution of scores from surficial alluvium—
with most values centered near zero and a felsic composition
consistent with Mojave-type deposits eroded from the San
Bernardino Mountains and deposited by the Mojave River
(fig. B.164). The elemental assemblage of Mojave River
alluvium (unaltered by secondary processes) shifts from
a highly felsic composition for sand and coarser-textured
Mojave River materials to more positive first principal
component scores in finer-textured material ultimately
approaching the composition of mudflat/playa deposits
(fig. B.164). Sand-textured Mojave River core material
adjacent to the screened interval of wells BG-0006B and
MW-149S differs from similar texture Mojave River alluvium
(fig. B.164); this likely results from uranium concentrations
in core material from those wells as high as 19 and 9.4 mg/kg,
respectively. Uranium in core material from these wells was
sourced from uranium-containing rock in the San Bernardino
Mountains and transported to Hinkley Valley by the Mojave
River and is not eroded from uranium-containing rock that
crops out on Mount General.

Secondary alteration of unconsolidated aquifer material
after deposition has produced distinct elemental compositions
in core material adjacent to the screened interval of well
MW-121D and to a lesser extent wells MW-163D and
MW-128S1 (fig. B.16B). Alteration of these materials
resulted in increased concentrations of most elements
measured by pXRF and correspondingly higher first and
second principal component scores compared to unaltered
core material (fig. B.164). Chromium concentrations in
secondary iron and manganese oxides on core material
from MW-121D are as high as 120 mg/kg (table B.4),
several times greater than concentrations in similar textured
unaltered core material. Similarly, arsenic concentrations
in MW-121D exceeded 320 mg/kg in visually abundant
iron- and manganese-oxide coatings on core material. For
comparison, the average arsenic concentration in the bulk
continental crust is 1 mg/kg (Reimann and de Caritat,

1998). In contrast, groundwater-discharge deposits, formed
near the toe of alluvial lobes deposited when the ancestral
Mojave River first entered Hinkley Valley (chapter A,

fig. A.5; Miller and others, 2018, 2020), are characterized
by calcite precipitates within Mojave River alluvium and
near-shore lake deposits (fig. B.17). Groundwater-discharge
deposits commonly have high first principal component
scores and negative second principal component scores

(fig. B.16B), but they are not mafic and not associated with
high concentrations of chromium. However, uranium was
present at concentrations greater than the reporting level of
2.0 mg/kg in 44 percent of groundwater-discharge deposits,
and concentrations were as high as 19 mg/kg in calcite-rich
groundwater-discharge deposits adjacent to well BG-0005B.
Uranium in these materials originated from the Mojave River
and felsic uranium-containing rock in the San Bernardino

Mountains that accumulated to high concentrations as a result
of secondary processes within the aquifer, rather than from
uranium-containing rock in Mount General.

Principal component scores for weathered bedrock
adjacent to the screened intervals of sampled wells have a
wide range and indicate the composition of the original rock.
For example, weathered hornblende diorite penetrated by
wells MW-119D and MW-153S in the western subarea has
mafic scores, while weathered granite penetrated by well
MW-96S in the eastern subarea has felsic scores (fig. B.16C).
The range of principal component scores for weathered
bedrock is less than the range for rock values (fig. B.14).
However, chromium concentrations in weathered rock are
similar to the concentrations within the unweathered rock.
Retention of chromium during weathering of hornblende
diorite underlying aquifers in the western subarea of
Hinkley Valley differs from the rapid removal of chromium
during weathering of actinolite within soils developed on
chromium-containing rock in the San Gabriel Mountains
(Izbicki and others, 2008). This may result from differences
in weathering processes in aquifer deposits within Hinkley
and Water Valleys compared to pedogenesis (soil formation
processes) in mountain areas that include leaching, or from
differences in the types of chromium-containing minerals in
the two areas (hornblende diorite in Hinkley Valley versus
actinolite and fuchsite within the San Gabriel Mountains).

B.5.4. Comparison with Regional Data

Portable (handheld) X-ray fluorescence data from core
material adjacent to the screened intervals of wells in Hinkley
and Water Valleys were compared to pXRF data measured
on archived drill cuttings from 18 selected monitoring wells
drilled by the USGS at sites in the Mojave River groundwater
basin outside of Hinkley and Water Valleys (fig. B.2). The
purpose of this comparison was to determine if core material
from wells in Hinkley and Water Valleys was in some way
unique or different from aquifer deposits in nearby areas.

The USGS monitoring wells selected for this comparison
were drilled using mud-rotary techniques, and some wells
were drilled to depths as great as 900 ft. Residual mud
associated with drill cuttings did not affect pXRF data
(Groover and Izbicki, 2018). Lithologic and geophysical logs
from USGS monitoring wells are available from Huff and
others (2002) and Izbicki and others (2000), and pXRF data
from drill cuttings are available in Groover and Izbicki (2018).
Drill cuttings from mud-rotary wells are physically mixed
and averaged over 20-ft intervals by the drilling process.
Consequently, the median PCA scores from core material
adjacent to the screened interval of wells in Hinkley and Water
Valleys, typically 10 ft, were used for comparison with drill
cutting data. Principal component scores for drill cuttings
were calculated using eigenvectors estimated from the PCA
of surficial alluvium in the same manner as rock and core
material from wells in Hinkley and Water Valleys.
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Figure B.17. Carbonate precipitates from ancestral

groundwater-discharge deposits within core material adjacent
to well MW-118S, western subarea, Hinkley Valley, western
Mojave Desert, California. (Photograph by Krishangi Groover,
U.S. Geological Survey, March 2016)

Calculated PCA scores from pXRF measurements for
drill cuttings in the Mojave River groundwater basin show
(1) a felsic composition for material within the floodplain
aquifer along the Mojave River, (2) a mafic composition
for material within the Sheep Creek fan eroded from mafic
rock in the San Gabriel Mountains, and (3) a felsic volcanic
and hydrothermal composition for alluvium and partly
consolidated rock eroded from mountains north of Barstow
(fig. B.184). Admixtures of felsic volcanic and hydrothermal
material were identified in the floodplain aquifer along
the Mojave River downstream from Barstow but were not
identified upstream from Barstow (fig. B.184).

Median PCA scores for core material adjacent to the
screened intervals of sampled wells in Hinkley and Water
Valleys are similar to calculated scores for drill cuttings from
wells elsewhere in the Mojave River groundwater basin. Data
from Hinkley and Water Valleys do not appear to be different
or unusual. The magnitude and range of data from Hinkley and
Water Valleys are similar to data from the larger Mojave River
groundwater basin, with most PCA scores for core material
adjacent to the screened interval of wells in Hinkley and Water
Valleys having a felsic composition consistent with a Mojave
River origin (fig. B.18B). Although dry most of the time,
the Mojave River near Barstow has recorded streamflows
occasionally exceeding 64,000 cubic feet per second (ft3/s;
U.S. Geological Survey, 2021). The large quantity of material
transported and deposited in Hinkley Valley by such large
streamflows overwhelms smaller local sources that contribute
alluvium to the valley.

Much of the data presentation and discussion in
this chapter focuses on the composition of individual
measurements of chromium concentrations and elemental
composition of core material penetrated by wells. This was
done to avoid obscuring high chromium values or unusual
elemental compositions that may control aqueous chemistry.
For example, wells MW-121D and MW-128S1 (not shown on
fig. B.18B) have visually abundant iron- and manganese-oxide
coatings on the surfaces of mineral grains and chromium

concentrations that exceed the summative-scale threshold for
chromium of 85 mg/kg (table B.4); however, when the entire
interval penetrated by these wells is evaluated, the median
PCA scores for these wells plot within the range of data for the
floodplain aquifer.

In general, the median principal component scores and
elemental assemblages of wells outside the felsic range of
Mojave River materials are consistent with their lithology and
depositional provenance (Groover and Izbicki, 2018; Miller
and others 2020). Wells MW-119D and MW-153S, screened in
weathered hornblende diorite underlying the western subarea
within Hinkley Valley, have a mafic composition. Core
material adjacent to the screened interval of well MW-186S3
in Water Valley contains basaltic fragments and has a mafic
composition. The mafic compositions of core material from
these wells are similar to the composition of drill cuttings
from wells in the Sheep Creek fan eroded from mafic rock in
the San Gabriel Mountains (fig. B.185). Similarly, the median
score for partly consolidated Miocene deposits penetrated
by well MW-203D indicates the volcanic provenance of that
material (Miller and others, 2020).

The median composition of core material adjacent to
the screened interval of well MW-154S1 (fig. B.18B) in
the northern subarea is consistent with the composition of
mudflat/playa material (fig. B.16B). In contrast, the median
composition of mudflat/playa deposits penetrated by nearby
well MW-133S1 that have chromium concentrations greater
than the threshold value of 85 mg/kg are within the range
of floodplain aquifer compositions within the Mojave River
groundwater basin (fig. B.184). Core material adjacent to
the screened intervals of wells MW-165D, MW-163D, and
MW-155D are lacustrine (lake; chapter A, table A.1) deposits.
Although water within these lakes may have been maintained
by flow in the ancestral Mojave River (chapter A, fig. A.5),
large volumes of Mojave River alluvium had not yet reached
Hinkley Valley, and much of the lake sediment may have
been locally derived. Core material from MW-131S1 has a
composition representative of carbonate rock that crops out on
Lynx Cat Mountain that is not well represented regionally in
the Mojave River groundwater basin (fig. B.184).

In contrast, median data from wells BG-0003A
and MW-143S contain a greater mafic composition than
expected on the basis of their Mojave-type depositional
provenance (fig. B.16B). Despite their mafic composition,
chromium concentrations in core material adjacent to the
screened intervals of these wells did not exceed 13 and
26 mg/kg, respectively.

Comparison with regional data shows portable (handheld)
X-ray fluorescence data measured on core material from wells
in Hinkley and Water Valleys are not different or unusual
compared to the magnitude and range of data from the larger
Mojave River groundwater basin. Overall core material
adjacent to the screened interval of most wells sampled for
water chemistry and isotopic composition as part of this study
have a low-chromium, felsic composition consistent with a
Mojave River origin.
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Figure B.18. First and second principal component scores calculated from portable (handheld) X-ray fluorescence (pXRF) data for 4,
cuttings from selected U.S. Geological Survey monitoring wells in the Mojave River groundwater basin and B, core material adjacent to
the screened interval of sampled wells in Hinkley and Water Valleys, western Mojave Desert, California. Statistics were calculated from

data available in Groover and lIzbicki (2018).

B.6. Conclusions

Between 1952 and 1964, hexavalent chromium, Cr(VI),
was released into groundwater from the Pacific Gas and
Electric Company (PG&E) compressor station in Hinkley,
California, in the western Mojave Desert 80 miles northeast of
Los Angeles, California. In 2015, the extent of anthropogenic
Cr(VI) in groundwater in Hinkley and Water Valleys was
uncertain, and some Cr(VI) in groundwater may be naturally
occurring from rock and aquifer material. The U.S. Geological
Survey was requested by the Lahontan Regional Water Quality
Control Board to complete an updated background study of
Cr(VI) concentrations in Hinkley and Water Valleys.

On the basis of more than 1,500 portable (handheld)
X-ray fluorescence (pXRF) measurements on more than
250 samples of rock, surficial alluvium, and core material,
chromium concentrations in rock and surficial alluvium in
most areas of Hinkley and Water Valleys are low compared
to the average bulk continental abundance for chromium of
185 milligrams per kilogram (mg/kg). The median chromium
concentrations in rock and surficial alluvium within Hinkley
and Water Valleys were 26 and 22 mg/kg, respectively, and the
median chromium concentration of surficial alluvium within

the active channel of the Mojave River was less than 5 mg/
kg. However, chromium concentrations are as high as 530 mg/
kg in mafic intrusive rocks, including hornblende diorite, that
crop out over 34 percent of the east slope of [ron Mountain
draining toward the western subarea of Hinkley Valley.
Additionally, chromium concentrations are as high as 310 mg/
kg in basalt that crops out extensively in Water Valley. Local
alluvium eroded from Iron Mountain has a median chromium
concentration of 48 mg/kg, with concentrations as high as
295 mg/kg. In contrast, dacitic volcanic rocks that crop out
on Mount General have a median chromium concentration of
28 mg/kg. Dacitic volcanic rocks do not contribute greatly to
chromium occurrence in Hinkley Valley because of their low
concentrations and admixtures of these materials do not result
in measurable shifts in the elemental composition of core
material. Although other high-chromium rocks are present
elsewhere in Hinkley and Water Valleys, these rocks are either
(1) not consistently high in chromium, (2) have limited areal
extent, or (3) in the case of basalt, are primarily present in
Water Valley.

Water from wells screened in unconsolidated materials
that have higher chromium concentrations also may have
higher Cr(VI) concentrations than wells screened in lower
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chromium material—assuming the pH, redox, and other
aqueous geochemical properties that allow Cr(VI) to be
present in groundwater are similar. Chromium concentrations
in core material adjacent to the screen interval of sampled
wells were log-normally distributed until an inflection

point at about 85 mg/kg, with 3 percent of concentrations
exceeding this value; this concentration was used as a metric
(threshold value) to identify high natural chromium in core
material. Chromium concentrations in core material from
six sampled wells were greater than 85 mg/kg. These wells
were identified as having high natural chromium in geologic
material for the purposes of the summative-scale analysis
(SSA) later in this professional paper (chapter G). Some of
the higher chromium concentrations in core material result
from chromium in local source rock, including weathered
hornblende diorite bedrock associated with Iron Mountain and
admixtures of locally derived alluvium with basalt in Water
Valley. Bedrock associated with Iron Mountain underlies
much of Hinkley Valley in the western and northern subarea,
although bedrock knobs closest to the western excavation
site are low in chromium. Chromium concentrations greater
than 85 mg/kg also occur in fine-textured core material or
result from processes that are not solely related to locally
high geologic source terrain, including secondary oxidation
of primary mineral grains and subsequent accumulation of
iron- and manganese-oxide coatings on the surfaces of those
grains. Secondary oxidation of mineral grains was observed
near the water table and near geologic and lithologic contacts
and chromium concentrations in visually abundant iron- and
manganese-oxide coatings on the surfaces of mineral grains
were as high as 120 mg/kg.

Manganese concentrations in core material are important
to chromium occurrence in groundwater because of the role
of manganese in the oxidation of trivalent chromium, Cr(III),
to Cr(VI). Similar to chromium, manganese concentrations in
core material were log-normally distributed until an inflection
point at about 970 mg/kg, with 5 percent of concentrations
exceeding this value. Manganese concentrations in core
material from 13 sampled wells were greater than the
threshold value of 970 mg/kg. Similar to chromium, high
manganese concentrations in core material adjacent to
sampled wells occur in fine-textured core material or result
from accumulation of secondary manganese-oxide coatings on
the surfaces of mineral grains.

Chromium and manganese concentrations in core
material above threshold concentrations co-occur in several
wells. Chromium and manganese concentrations were higher
in silt or finer texture materials adjacent to the screened
interval of sampled wells. Consequently, silt or finer texture
also was used as a threshold metric for scoring within the SSA
later in this professional paper (chapter G).

Arsenic concentrations in materials having
visually abundant accumulations of secondary iron- and
manganese-oxides can exceed 320 mg/kg; for comparison,
the average bulk continental abundance of arsenic is 1 mg/kg.
Secondary precipitation of calcite in groundwater-discharge

deposits did not result in increased chromium concentrations
above the host material. Chromium concentrations are
commonly low in calcite-rich groundwater-discharge deposits
buried within the aquifer. However, uranium concentrations
in these materials are as high as 19 mg/kg; for comparison,
the average bulk continental abundance of uranium is 0.9 mg/
kg. Although Mount General is high in arsenic and uranium,
high concentrations of these elements in groundwater within
Hinkley and Water Valleys appear to be related to secondary
alteration of Mojave-type deposits rather than to material
eroded from Mount General.

Principal component analysis (PCA) was done on data
for 18 elements measured in surficial alluvium, rock, and
core material using pXRF. The PCA included evaluation of
pXREF data from surficial alluvium, rock, and core material
adjacent to the screened interval of sampled wells. Principal
component analysis results showed distinct elemental
compositions associated with (1) older and more recent felsic
alluvium eroded from the San Bernardino Mountains, which
was transported and deposited in the area by the Mojave River,
(2) mafic rock and alluvium eroded from Iron Mountain, and
(3) hydrothermal and volcanic rock, and alluvium eroded
from Mount General. Playa and other fine-textured deposits in
Hinkley and Water Valleys, and visually abundant secondary
iron- and manganese-oxide coatings on the surfaces of mineral
grains, also have identifiable compositions consistent with
high concentrations of most elements measured by pXRF.
Principal component analysis confirmed interpretations of the
source of geologic materials that compose aquifers and the
occurrence of chromium (and other elements) described on
the basis of more traditional physical examination of geologic
material including descriptions of texture and provenance
done as part of this study.

The elemental composition of core material adjacent to
wells sampled for water chemistry and isotopic composition
as part of this study in Hinkley and Water Valleys spans a
broad range that approximates the range in composition of
core material from wells elsewhere in the Mojave River
groundwater basin and western Mojave Desert. Most core
material adjacent to the screened interval of sampled wells is
composed of alluvium and near-shore, shallow lake deposits
sourced from the Mojave River, referred to as Mojave-type
deposits, and has a felsic, low-chromium composition.

Shifts in the elemental composition of Mojave-type deposits
associated with admixtures of local core material were
identified in only a few wells on the basis of PCA of pXRF
data. The absence of large shifts in elemental composition
of core material attributable to admixtures from local source
material is consistent with transport and deposition of large
quantities of material by occasional large streamflows in

the Mojave River, which overwhelms smaller local sources.
Chromium concentrations in alluvium associated with dacitic
rock eroded from Mount General are low, and alluvium that
contains admixtures eroded from dacitic rock that crops out
on Mount General do not contribute high concentrations of
chromium to aquifer materials within the eastern subarea.
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