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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain

Length

foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)

Area
square mile (mi?) 259.0 hectare (ha)
square mile (mi?) 2.590 square kilometer (km?)
Flow rate

inch per year (in/yr) 25.4 millimeter per year (mm/yr)
Volume

cubic inch (in?) 16.39 cubic centimeter (cm?)

International System of Units to U.S. customary units

Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x °C) + 32.
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/18.

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of

1988 (NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum.

Well depth information is referenced to below land surface (bls) instead of being referenced to
a vertical datum.



Xi

Supplemental Information
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm
at 25 °C).

Concentrations of chemical constituents in water are given in either milligrams per liter (mg/L)
or micrograms per liter (ug/L).

Redox potential, Eh, is a measure of the tendency of ions within solution to acquire electrons
or lose electrons.

Carbon-14 activities are reported as percent modern carbon (pmc) and are used to determine
groundwater ages.

Groundwater ages that are thousands of years old are described in units of years before
present (ybp).

Anion and cation exchange capacities are described in units of milliequivalents per gram.
Radioactive decay of uranium is described in units of picocuries per liter.

Concentrations of 27 elements, including arsenic, chromium, uranium, and vanadium,
measured on rock, surficial alluvium, and drill cuttings are described in units of milligrams per
kilogram (mg/kg).

Felsic is a geologic modifier describing rocks that are relatively rich in elements that form quartz
and feldspar, primarily silica and potassium; in contrast, mafic is a geologic modifier describing
minerals or rocks that are relatively rich in magnesium and iron.
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Well-Numbering System

Wells are identified and numbered according to their location in the rectangular system
for the subdivision of public lands. Identification consists of the township number,

north or south; the range number, east or west; and the section number. Each section

is divided into sixteen 40-acre tracts lettered consecutively (except | and 0), beginning
with "A" in the northeast corner of the section and progressing in a sinusoidal manner

to "R"in the southeast corner. Within the 40-acre tract, wells are sequentially numbered
in the order they are inventoried. The final letter refers to the base line and meridian. In
California, there are three base lines and meridians; Humboldt (H), Mount Diablo (M),
and San Bernardino (S). All wells in the study area are referenced to the San Bernardino
base line and meridian (S). Well numbers consist of 15 characters and follow the format
009N00TW11K12. In this report, well numbers are abbreviated and written 9N/1TW-11K12.
Wells in the same township and range are referred to only by their section designation, 11K12.
The following diagram shows how the number for well 9N/TW-11K12 is derived.
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RANGE RIW
R3W R2W RIW RIE R2E o SECTION 2
T10N S _’:~ 16 5 4 3 2 1 s (quarter-section)
ToN 7189 10]n] D|C|B|A
e S| T 18| 17 | 16 | 15 | 4| 137~
ETSN ~ TN I . E|F|G|H
= ~ T~_] 19| 2|2 |2|23|2 .
g N ~ N M| LJ|KI[J
N 30|29 28|27 | 26|25~
T6N N N
N ~ N | P QR
~_| 3|3 |33|34|35|3
5N ~
IN/TW-11K12 g
Note: maps and graphs in this report use abbreviated well numbers, such as 11K12.
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As(V) arsenate, arsenic having an oxidation state of +5
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Arsenic, Chromium, Uranium, and Vanadium in Rock,
Alluvium, and Groundwater, Mojave River and Morongo
Areas, Western Mojave Desert, Southern California

By John A. Izbicki, Krishangi D. Groover, and Whitney A. Seymour

Abstract

Trace elements within groundwater that originate from
aquifer materials and pose potential public-health hazards
if consumed are known as geogenic contaminants. The
geogenic contaminants arsenic, chromium, and vanadium
can form negatively charged ions with oxygen known
as oxyanions. Uranium complexes with bicarbonate and
carbonate to form negatively charged ions having aqueous
chemistry similar to oxyanions. The concentrations of arsenic,
chromium, uranium, and vanadium in groundwater result
from the combined effects of (1) geologic abundance within
aquifer materials; (2) the fraction of these elements that have
weathered from and sorbed to the surfaces of mineral grains
and are potentially available to groundwater; and (3) the
aqueous chemistry of dissolved oxyanions in groundwater
during different redox conditions and pH, both of which
are affected by hydrogeology, including the length of time
groundwater has been in contact with aquifer materials.
Concentrations of arsenic, chromium, uranium, and vanadium
were measured in samples of (1) rock, surficial alluvium, and
drill cuttings using portable (handheld) X-ray fluorescence
(pXRF); (2) operationally defined fractions extractable from
these materials; and (3) water from wells sampled between
2000 and 2018 within the 3,500 square mile Mojave River
area and Morongo area of the western Mojave Desert,
southern California.

Regionally, rock and surficial alluvium in the Mojave
River and Morongo areas are high in arsenic, low in chromium
and uranium, and near the average bulk continental crust
concentration for vanadium. Locally, high chromium
concentrations are present in mafic rock within the San Gabriel
Mountains; high uranium concentrations are present in felsic
rock within the San Bernardino Mountains; and high arsenic,
uranium, and vanadium concentrations are present in extrusive
(volcanic) felsic rock within uplands surrounding groundwater
basins along the Mojave River downstream from Barstow,
California. Elemental assemblages identified using principal
component analyses (PCA) of pXRF data were used to
characterize felsic, mafic, and felsic volcanic source terranes
in rock, surficial alluvium, and in geologic material penetrated
by selected monitoring wells drilled between 1994 and 2018.

Highly felsic alluvium associated with recent deposition from
the Mojave River was identified along the 90-mile length of
the floodplain aquifer along the river. The thickness of these
highly felsic alluvial deposits ranged from 200 feet (ft) near
Victorville and near Barstow to a thin veneer about 30 ft thick
downstream from Victorville and downstream portions of the
floodplain aquifer within the Mojave Valley.

Groundwater in the Mojave River and Morongo
areas was generally oxic and alkaline (pH>7.5). Maximum
concentrations of arsenic, hexavalent chromium [Cr(VI)],
uranium, and vanadium in water from as many as 498 wells
sampled between 2000 and 2018 were 360, 140, 1,470, and
690 micrograms per liter (ng/L), respectively. Water from
22 percent of sampled wells exceeded the U.S. Environmental
Protection Agency (EPA) maximum contaminant level
(MCL) for arsenic of 10 pg/L, with arsenic concentrations
commonly exceeding the MCL in water from wells east of
Barstow, deep wells in the Victorville fan, and in suboxic or
reduced groundwater within the floodplain aquifer. Water from
about 1 percent of sampled wells had Cr(VI) concentrations
greater than the California MCL for total chromium of
50 pg/L, whereas 13 percent of sampled wells had Cr(VI)
concentrations greater than the former California MCL of
10 pg/L. Hexavalent chromium concentrations were highest in
water from wells in the Sheep Creek alluvial fan, eroded from
mafic rock in the San Gabriel Mountains, although Cr(VI)
concentrations greater than the former California MCL also
were present elsewhere in the study area where mafic materials
or older groundwater were present. Water from about 9 percent
of sampled wells exceeded the EPA MCL for uranium of
30 pg/L, with concentrations exceeding the MCL commonly
associated with irrigation return from agricultural land
overlying the floodplain aquifer. Water from about 7 percent
of sampled wells had vanadium concentrations greater than
the California notification level of 50 pg/L; most of these
wells were in the Victorville fan within the Mojave River
area. In general, arsenic concentrations were higher in suboxic
or reduced water; chromium concentrations were higher in
oxic, alkaline (pH>7.5) water; uranium concentrations were
higher in circumneutral to slightly alkaline water (pH<7.4);
and vanadium concentrations were higher in highly alkaline
(pH>8.0) water, independent of redox status.



2 Arsenic, chromium, uranium, and vanadium in rock, alluvium, and GW, western Mojave Desert

Concentrations within geologic source terranes are not
the sole factor controlling the concentrations of geogenic
elements in groundwater. Differences in mineral weathering,
pH-dependent sorption to surface-exchange sites on mineral
grains, and aqueous geochemistry (especially redox status and
pH) affect geogenic element concentrations in groundwater.
Consequently, the relative abundances of arsenic, Cr(VI),
uranium, and vanadium in groundwater differ from their
relative abundances in the average bulk continental crust and
their regional abundances in rock and surficial alluvium within
groundwater basins of the western Mojave Desert. Processes
that control the concentrations of arsenic, chromium, uranium,
and vanadium in groundwater operate at the mineral-grain and
aquifer scale.

At the mineral-grain scale, sequential chemical
extraction data show arsenic and uranium are more available
to groundwater (under specific geochemical conditions)
than chromium or vanadium, which largely are unavailable
within unweathered mineral grains. Additionally, chromium
and vanadium form few aqueous complexes and bind tightly
with iron minerals within surface coatings on mineral
grains making them less available to groundwater, whereas
complexation with other dissolved ions enhances the solubility
of uranium and, to a lesser extent, arsenic. Complexation also
increases the valence (less negative charge) and increases
the size of dissolved oxyanions and uranium complexes with
bicarbonate and carbonate making them less readily sorbed to
aquifer materials.

At the aquifer scale, hydrogeology (including isolation
of water in aquifers from surface sources of recharge, older
groundwater age, and long contact times between groundwater
and aquifer materials) combined with geochemical processes
(such as silicate weathering) to produce alkaline groundwater.
Desorption from sorption sites on the surfaces of mineral
grains with increasing pH increases arsenic, chromium, and
vanadium concentrations in water from wells and increases
Cr(VI) concentrations as long as water remains oxic.

Aqueous geochemistry and concentrations of geogenic
contaminants also are affected by anthropogenic activities
including (1) discharge of treated municipal wastewater,
which may change the redox status of groundwater; (2) return
from irrigated agriculture, which may alter the chemistry of
groundwater and increase the solubility of trace elements such
as uranium; and (3) groundwater pumping and subsequent
water-level declines, which may change the source of water
yielded by wells. The quality of water imported from northern
California and infiltrated from ponds for groundwater recharge
may be altered by naturally present trace elements, especially
uranium in areas of agricultural land use or chromium within
mafic alluvium.

Introduction

Trace elements in groundwater that originate naturally
from aquifer materials and pose potential public-health
hazards if consumed in drinking water are known as geogenic
contaminants. In groundwater worldwide, arsenic and fluoride
are the two geogenic contaminants of greatest public-health
concern (World Health Organization, 2006; Johnson and
others, 2017). The presence of geogenic contaminants in
groundwater results from the combined effects of (1) geology;
(2) aqueous geochemistry, including redox status and pH; and
(3) hydrology. Although geogenic contaminants are present
naturally, in some cases their presence in groundwater may be
increased by anthropogenic (man-made) activities, including
discharge of treated municipal wastewater, agriculture and
resulting irrigation return water, or groundwater pumping and
associated water-level declines (Ayotte and others, 2011a;
Guo and others, 2016; Rosen and others, 2019; Coyte and
Vengosh, 2020).

Once weathered from host minerals, trace elements can
accumulate on coatings on the surfaces of mineral grains
prior to entering groundwater (fig. 1; Izbicki and others,
2008b; Sé¢anéar and Milagi¢, 2014). These coatings range
from amorphous silicates to amorphous oxides and hydroxides
(hereafter referred to more simply as oxides) of aluminum
(Al), iron (Fe), and manganese (Mn), to clay minerals, and to
crystalline forms of aluminum, iron, and manganese. Although
natural organic materials are important sorption sites in some
aquifers, organic materials are commonly present at only
low concentrations in desert aquifers. As a consequence of
specific aqueous geochemical conditions, naturally present
trace elements sorbed to the surfaces of mineral grains may
enter groundwater.

In areas having comparatively low geologic abundance
of certain trace elements or where trace elements are within
resistive minerals that weather slowly, concentrations of these
elements in groundwater may increase with groundwater age
as contact time with aquifer materials increases (Izbicki and
others, 2008b, 2015a). Increased contact time with aquifer
materials by groundwater may cause changes in aqueous
chemistry within unconsolidated desert aquifers, including
increases in pH along groundwater flow paths as a result of the
weathering of primary silicate minerals (Izbicki and others,
2008b, 2015a; Manning and others, 2015), and decreases in
redox potential as dissolved oxygen is consumed by natural
reductants within aquifer materials. Increases in pH may
promote pH-dependent desorption from coatings on mineral
grains that compose these aquifers (Rai and Zachara, 1984;
Ball and Nordstrom, 1998; Xie and others, 2015; Izbicki and
others, 2015a). Decreases in redox potential may decrease
concentrations of trace elements soluble under oxic (oxygen
present) conditions and may increase concentrations of trace
elements soluble under reduced (oxygen absent) conditions.
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Figure 1. Conceptual model of processes controlling mineral
weathering in the presence of oxide coatings on mineral grains in
contact with groundwater.

Arsenic (As), chromium (Cr), uranium (U), and
vanadium (V) are naturally occurring geogenic contaminants
that potentially represent a public-health concern in some
areas. Concentrations of these elements are high in some
geologic materials (Izbicki and others, 2008b; Smith and
others, 2014, 2019; Groover and Izbicki, 2019) and in water
from some wells in unconsolidated aquifers in the western
Mojave Desert, California (fig. 2; Mathany and Belitz, 2009;
Wright and Belitz, 2010; Dawson and Belitz; 2012a, b;
Parsons and Belitz, 2014; Izbicki and others, 2015a; Metzger
and others, 2015; Groover and Goldrath, 2019). In the absence
of anthropogenic contamination, concentrations of arsenic,
chromium as Cr(VI), uranium, and vanadium in oxic, alkaline
groundwater in desert aquifers may exceed water-quality
criteria established for the protection of public health. Arsenic
concentrations in reduced groundwater also may exceed
water-quality criteria. The presence of oxyanion-forming,
redox-active trace elements has been used in previous studies
to help understand the links between geology, hydrology, and
geochemistry in groundwater-flow systems (Ayotte and others,
2011a, b; Guo and others, 2016; Rosen and others, 2019;
Coyte and Vengosh, 2020).

Groundwater

Aquifer solids

Introduction 3

Study Area

The 3,500 square mile (mi?) study area includes
unconsolidated aquifers within the Mojave River area of
the South Lahontan Hydrologic Region and the Morongo
area of the Colorado River Hydrologic Region (California
Department of Water Resources, 2019) in the western
Mojave Desert, southern California (fig. 24). Groundwater
is the only dependable source of water supply in the study
area, and the California Department of Water Resources
(DWR) identified 7 groundwater basins within the Mojave
River area, having a combined area of 2,430 mi?, and
10 groundwater basins within the Morongo area, having
a combined area of 1,070 mi? (fig. 24; table 1; California
Department of Water Resources, 2003, 2019). Grouping of
similar groundwater basins into the Mojave River area and
Morongo areas is consistent with local practice for integrated
water management planning (Kennedy/Jenks Consultants,
2014, 2018). For the purposes of this study, the Morongo
Valley groundwater basin (basin 7-020; fig. 24) identified by
the California Department of Water Resources (2003, 2019)
to the west of the Warren Valley groundwater basin (7-012;
fig. 24) is not within the study area.

For local groundwater-management purposes,
the Mojave Water Agency (MWA) delineated several
groundwater-management subareas within the study area,
including the Alto, Baja, Centro, Este, Morongo, and Oeste
subareas (fig. 24). The Transition Zone of the Alto subarea

(hereafter referred to as the “Transition Zone”) is part of the
Alto subarea. Mojave Water Agency groundwater-management
subareas (hereafter referred to as “subareas”) do not coincide
with DWR groundwater-basin boundaries.

For the purposes of this study, the Alto (including the
Transition Zone), Baja, and Centro subareas are discussed
collectively as the “Mojave River area.” The Mojave River
area also includes the portion of the Este subarea within the
South Lahontan Hydrologic Region, and the Oeste subarea;
prior to groundwater development, groundwater in these
areas drained toward the Mojave River (Stamos and others,
2001). The Mojave River area also includes the portions
of the DWR groundwater basins that are outside MWA
boundaries (fig. 24).

For the purposes of this study, the Morongo subarea
and the portion of the Este subarea within the Colorado
River Hydrologic Region are discussed collectively as the
Morongo area. These areas are internally drained; surface
water and groundwater flows toward several dry lakes and
prior to groundwater development discharged by evaporation.
The Morongo area also includes portions of the DWR
groundwater basins that are outside MWA boundaries and
includes the Twentynine Palms Valley groundwater basin
(basin 7-010; fig. 24).
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Table 1. California Department of Water Resources groundwater
basins in the Mojave River and Morongo areas, western Mojave
Desert, southern California.

[Groundwater basins shown on figure 24. Basin numbers and basin names
from California Department of Water Resources (2019)]

Groundwater-basin
name

Groundwater-basin
number

Mojave River area of the South Lahontan Hydrologic Region

6-037 Coyote Lake Valley
6-038 Caves Canyon Valley
6-040 Lower Mojave River Valley
6-041 Middle Mojave River Valley
6-042 Upper Mojave River Valley
6-043 El Mirage Valley
6-047 Harper Valley

Morongo area of the Colorado River Hydrologic Region
7-010 Twentynine Palms Valley
7-011 Copper Mountain Valley
7-012 Warren Valley
7-013 Deadman Valley
7-015 Bessemer Valley
7-016 Ames Valley
7-017 Means Valley
7-018 Johnson Valley
7-019 Lucerne Valley
7-062 Joshua Tree

Geologic and Hydrologic Setting

Altitude within the study area ranges from 1,350 feet (ft)
in desert valleys to more than 9,100 ft above sea level (relative
to the North American Vertical Datum of 1988, or NAVD 88)
in the coastal mountains along the western margin of the study
area. Precipitation ranges from about 4 inches per year (in/yr)
near Barstow, Calif., to almost 40 in/yr at higher altitudes
of the San Bernardino and San Gabriel Mountains along
the western margin of the study area. Summer temperatures
in the desert valleys commonly exceed 38 degrees Celsius
("C; 100 degrees Fahrenheit, ‘F), and winter temperatures
commonly fall below 0 °C (32 °F, freezing).

Most people within the study area live within Victorville
and surrounding communities. In 2018, the Victorville area
had a population of more than 390,000 (U.S. Census Bureau,
2020). Smaller population centers include Barstow, with a
2018 population of about 24,000, and the communities of
Yucca Valley, Joshua Tree, and Twentynine Palms, with a
2018 combined population of about 55,000 (U.S. Census
Bureau, 2020). Much of the remaining area is rural or only
sparsely populated.

The study area is internally drained, with several
intermittent streams that drain the east side of the
San Bernardino and San Gabriel Mountains. The Mojave
River, the largest of these streams, extends more than

Introduction 7

100 miles (mi) from its source in the San Bernardino
Mountains south of Victorville to the north near Barstow,
then east to its terminus east of Afton Canyon (fig. 2;
Thompson, 1929; Lines 1996). Currently (2022), the Mojave
River is usually dry along most of its length, except where
groundwater discharge maintains perennial streamflow

at the Upper and Lower Narrows near Victorville, and at
Afton Canyon (fig. 3). Streamflow in the Mojave River also
is present in the Transition Zone downstream as a result of
discharge of treated municipal wastewater from the regional
wastewater treatment plant serving the Victorville area (fig. 3).
Large streamflows, extending the entire length of the river
from the mountain front to Afton Canyon, occur during wet
winters on average once every 5—7 years (Lines, 1996; Stamos
and others, 2001; Seymour, 2016). These large streamflows
result from runoff from mountainous areas and precipitation
that falls near Cajon Pass, a low altitude gap between the
San Bernardino and San Gabriel Mountains (Lines, 1996;
Stamos and others, 2001; Izbicki, 2004; Seymour, 2016).
Streamflow is more frequent near the mountain front and less
frequent farther downstream.

Bedrock in the study area is dominated by felsic plutonic
(granitic) rock, with lesser amounts of felsic volcanic rock
(rhyolite and dacite), mafic volcanic (basalt), and mafic
metamorphic rock; locally, some sedimentary clastic and
carbonate rocks also are present (fig. 3; Dibblee, 1967;
Jennings and others, 2010). Felsic rocks are rich in elements
that form quartz and feldspar, including silica and potassium,
and also are enriched in rubidium which has chemistry
similar to potassium. Mafic rocks are rich in magnesium
and iron. In some areas, rocks have been locally altered
and mineralized by contact with hot water (hydrothermal
alteration). Hydrothermally altered rocks (not shown on
fig. 3) have not been mapped at the regional scale; however,
hydrothermally altered rocks are abundant within the Centro
and Baja subareas. Active and historical gold, silver, and
other mineral mining operations are present in the study area
(U.S. Geological Survey, 2005a, b).

The San Bernardino Mountains that form the southern
boundary of the study area are composed largely of felsic
plutonic rock that often contain high concentrations of
uranium (fig. 3; U.S. Geological Survey, 2004; Groover and
Izbicki, 2019). The San Gabriel Mountains southwest of
Victorville are composed of a variety of rock types, including
the mafic Pelona Schist (fig. 3; Hershey, 1902; Ehlig, 1958,
1968; Evans, 1982). The distinctive gray color of the Pelona
Schist and alluvium eroded from this rock unit results from
small amounts of graphite disseminated throughout the
grayschist facies of the Pelona Schist (Ehlig, 1958). Graphite
is commonly associated with feldspar minerals in mafic,
ophiolite complexes (former oceanic plate) worldwide
(Kelley and Fruh-Green, 2000; Economou-Eliopoulos and
others, 2019). The Pelona Schist includes a minor mafic
greenschist facies within 5 percent of its mapped extent
(Evans, 1982). The greenschist facies contains actinolite and
fuchsite (chromium-bearing mica) having high concentrations
of chromium, iron, and nickel (Izbicki and others, 2008b;
Groover and Izbicki, 2019).
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Movement along the right-lateral San Andreas Fault,
near the southwestern margin of the study area, transported
the Pelona Schist to the northwest over the last 1 to 5 million
years to its present position in the San Gabriel Mountains
near the headwaters of Sheep Creek (fig. 2B; Meisling and
Weldon, 1989; Cox and others, 2003). This movement
changed geologic source areas contributing alluvium to the
Mojave River and isolated the Victorville fan from alluvial
source areas in the San Gabriel Mountains (Cox and others,
2003; Izbicki and others, 2008b; Groover and Izbicki, 2019).
In its present location, alluvium eroded from the Pelona
Schist composes the Sheep Creek alluvial fan (Sheep Creek
fan) that extends northward from the San Gabriel Mountains
toward El Mirage (dry) Lake within the Oeste subarea (fig. 3;
Meisling and Weldon, 1989; Miller and Bedford, 2000;
Stamos and others, 2001; Izbicki and others, 2008b). Prior to
8,000 years ago, a continuous surface drainage extended from
the San Gabriel Mountains to the Mojave River, delivering
mafic alluvium eroded from the mountains to the Mojave
River (Groover and Izbicki, 2019). As the Sheep Creek
fan encroached into the Mojave Desert, the fan blocked
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the local surface drainage, creating the topographically closed
El Mirage (dry) Lake (fig. 3; Miller and Bedford, 2000).

Prior to development, groundwater in this area continued to
flow toward the Mojave River (Stamos and others, 2001). As
a consequence of movement along the San Andreas Fault,
older Mojave River alluvium contains a greater fraction

of chromium-rich mafic alluvium eroded from the Pelona
Schist than the potassium- and rubidium-rich felsic alluvium
within the present-day Mojave River (fig. 4; Groover and
Izbicki, 2019).

In addition to the San Andreas Fault, multiple smaller
northwest-striking faults are active within the area (fig. 3;
Dibblee, 1967; Dokka and Travis, 1990; Glazner and others,
2002; Miller and Yount, 2002; Jennings and others, 2010).
Movement along these faults has resulted in changes to surface
drainagesandalluvial source terranes similarto changes observed
along the San Andreas Fault. For example, prior to about
500,000 years ago, the Mojave River drained to Harper (dry)
Lake through channels east and west of Iron Mountain (fig. 3;
Cox and others, 2003). Streamflow in the ancestral Mojave
River sustained Lake Harper in that area during the Pleistocene.

100

2 |
. R?=0.62
s
g
2 75 —
@
o
g -O
€ wl o o-°
= -7
E It
e
i /O,O/ |
s O ¢}
=2
0 |
200
£
s
(=2
=]
2 150 — —
g @
w =~
g 0°--__
5 100 [— 6)\~\Q\ —
E =0
£
E 50 —
=3
2
b=
& R2=0.70 | |
000 05 10

Approximate age, in millions
of years before present

EXPLANATION
— — — Least-squares regression line

Graphs modified from Groover and Izbicki (2019).
Data are available in Groover and lIzbicki (2018).
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of deposit age, western Mojave Desert, southern California.
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About 500,000 years ago, the Mojave River eroded through
alluvial fans near the Waterman Canyon fault zone near
Barstow to enter the Mojave Valley within the Baja subarea
(fig. 3; Reheis and others, 2012). Flow in the ancestral Mojave
River sustained Manix (dry) Lake (not shown on fig. 3) within
the present-day Mojave Valley and contributed felsic alluvium
eroded from the San Bernardino Mountains to that area.
Deposition of alluvium and movement along the Waterman
Canyon fault zone (and other faults in the area) controlled

the direction of flow in the Mojave River, which alternately
flowed west toward the Mojave Valley or north toward Harper
(dry) Lake—with the most recent high lake stand in the Harper
(dry) Lake area about 30,000 years ago (Garcia and others,
2014). Present-day alluvium within the active channel of the
Mojave River in the Mojave Valley has higher concentrations
of arsenic and other trace elements, contributed by alluvium
eroded from rock in the surrounding uplands, than alluvium
upstream from Barstow (Groover and Izbicki, 2019).

The most productive aquifer within the Mojave River
area (that part of the study area within the South Lahontan
Hydrologic Region, table 1) is the floodplain aquifer, which
extends about 90 miles along the length of the Mojave River
through the Alto subarea, Transition Zone, Centro subarea,
and Baja subarea (fig. 5; Stamos and others, 2001). The
floodplain aquifer is commonly between 0.5 to 1 mi wide. In
many areas, the thickness of the floodplain aquifer is poorly
defined, but is typically less than 200 ft (Stamos and others,
2001). The floodplain aquifer is composed of predominately
coarse-textured felsic alluvium deposited by the Mojave
River, interspersed with fine-textured overbank or lacustrine
deposits. The depositional history of the floodplain aquifer is
complex (Cox and others, 2003; Miller and others, 2018) and
is not well understood in many areas. During predevelopment
conditions, water levels in much of the floodplain aquifer
were near land surface, and groundwater discharge maintained
perennial streamflow along some reaches of the Mojave River,
especially upgradient from faults that impede groundwater
flow (Thompson, 1929; Lines, 1996; Stamos and others,
2001). At the time of this study (2000-2018), shallow,
fine-textured deposits within the Transition Zone (fig. 5)
limited infiltration of streamflow sustained by the discharge
of treated municipal wastewater from the regional wastewater
treatment plant serving the Victorville area, thereby
maintaining perennial streamflow in the Mojave River through
much of the Transition Zone (Lines, 1996).

The floodplain aquifer is surrounded and underlain
by the regional aquifer within the Mojave River area and
includes groundwater basins within the South Lahontan
Hydrologic Region (table 1). Unconsolidated deposits that
compose the regional aquifer include older Mojave River
deposits (Pliocene to Pleistocene; Cox and others, 2003),
fine-textured lacustrine deposits, alluvium eroded from the
San Bernardino and San Gabriel Mountains and from local
desert mountains, and undifferentiated basin-fill material.

In many areas, the thickness of the regional aquifer, defined
on the basis of gravity data, is several thousand feet (fig. 5;
Subsurface Surveys, Inc., 1990; URS Corporation and
Biehler, 2005; Surko, 2006; Haddon and others, 2018; Miller

and others, 2020). Older Mojave River alluvium within the
regional aquifer covers a large area along the Mojave River
from Deep Creek in the southwest to Barstow (fig. 3; Cox and
others, 2003). The regional aquifer is areally extensive within
the study area and includes the Victorville fan within the Alto
subarea near Victorville (fig. 3; Meisling and Weldon, 1989).
The Victorville fan was deposited by streams draining the
San Gabriel Mountains that were tributaries to the Mojave
River before the fan was eroded by westward draining
streams along the San Andreas Fault (fig. 3). The Victorville
fan contains mafic material eroded from the Pelona Schist.
The regional aquifer also includes the Oeste subarea (Sheep
Creek fan) and areas away from the floodplain aquifer along
the Mojave River in the Transition Zone and in the Centro
and Baja subareas.

The Morongo area (that part of the study area within
the Colorado River Hydrologic Region) is composed of
numerous small alluvial basins that are separated by faults
and bedrock outcrops (figs. 2, 3). Groundwater basins in
the Morongo area contain felsic alluvium eroded from the
San Bernardino Mountains often overlain by or interbedded
with locally derived alluvium eroded from smaller mountains
within the study area. Intermittent streams, including Pipes
Wash and Yucca wash (an informally named wash flowing
through Yucca Valley, fig. 2), transport felsic alluvium from
the San Bernardino Mountains into alluvial basins that are not
adjacent to the mountain front (fig. 3).

Water levels have declined since the early 1950s in the
floodplain and regional aquifers within the Mojave River
area and within the Morongo area as a result of groundwater
pumping in excess of recharge (Stamos and others, 2001).
Regional water-level maps of the area showing water-level
declines have been prepared approximately every 2 years
between 1992 and 2016 (U.S. Geological Survey, 2019).
Steep water-level gradients are present along the floodplain
aquifer downgradient from faults that impede groundwater
flow (fig. 5; Lines, 1996; Dick and Kjos, 2017). Infiltration
of streamflow from the Mojave River can rapidly recharge
the floodplain aquifer, with water-level rises as large as 90 ft
in some areas after large streamflows (Lines, 1996; Stamos
and others, 2001; Seymour, 2016). Areas most responsive
to recharge from flow in the Mojave River include parts
of the floodplain aquifer within the Alto subarea upstream
from the Upper Narrows near Victorville and Centro subarea
downstream from Iron Mountain (Seymour, 2016). Large
pumping depressions are present in parts of the regional
aquifer in the Mojave River area that are not readily
recharged by Mojave River streamflow and in the Morongo
area within the Warren Valley (basin 7-012), Lucerne
Valley (basin 7-019), Joshua Tree (basin 7-062), and the
Deadman Valley (basin 7-013) groundwater basins (fig. 24;
U.S. Geological Survey, 2019).

The occasional large flows in the Mojave River account
for almost all the groundwater recharge to the floodplain
aquifer (Lines, 1996, Stamos and others, 2001; Izbicki,

2004; Izbicki and Michel, 2004; Seymour, 2016), with most
groundwater in the floodplain aquifer upstream from Barstow
recharged less than 70 years ago (Izbicki and Michel, 2004).
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With the exceptions of the alluviated channels of streams
draining the San Bernardino and San Gabriel Mountains,
and along the channels of larger streams such as Yucca

wash and Pipes Wash, groundwater recharge to the regional
aquifer within the Mojave River areas and to the Morongo
area occurs primarily at the front of the San Bernardino and
San Gabriel Mountains, with only small amounts of recharge
from lower-altitude mountains within the study area (Stamos
and others 2001; Izbicki, 2004; Izbicki and Michel, 2004).
As a consequence of these recharge patterns, groundwater
within the regional aquifer within the Mojave River area
and the Morongo area is much older than groundwater in

the floodplain aquifer, and in many cases older groundwater
was recharged during cooler and wetter climatic conditions
many thousands of years before present (Izbicki and others,
1995; Kulongoski and others, 2003, 2005, 2009; Izbicki and
Michel, 2004).

Groundwater recharge with water imported from
northern California is used to replenish aquifers in parts of
the Mojave River area along the floodplain aquifer (Stamos
and others, 2002; Mojave Water Agency, 2020) and in the
regional aquifer (Izbicki and Stamos, 2002; Izbicki and others,
2008c; Mojave Water Agency, 2020). Groundwater recharge
with imported water also is used in the Morongo area within
the Ames Valley groundwater basin near Pipes Wash (basin
7-016), the Joshua Tree groundwater basin (basin 7-062), and
the Warren Valley groundwater basin (basin 7-012; fig. 24).
Groundwater recharge with imported water has also been
proposed for the Lucerne Valley groundwater basin (basin
7-019; fig. 24; Environmental Science Associates, 2009;
Stamos and others, 2013; Mojave Water Agency, 2020). Water
imported to these areas is commonly infiltrated from ponds
through the unsaturated zone to the water table. In some parts
of the regional aquifer and in parts of the Morongo area, the
thickness of the unsaturated zone may be several hundred feet,
potentially limiting infiltration and recharge from ponds.

Groundwater in unconsolidated aquifers within the
study area is generally oxic, with alkaline pH (>7.5; Dawson
and Belitz, 2012a, b; Metzger and others, 2015); however,
some groundwater in the floodplain aquifer along the
Mojave River has slightly acidic to near-neutral pH values.
Reducing conditions commonly are present in water from
wells near the downgradient ends of long groundwater flow
paths near dry lakes and in wells in the floodplain aquifer
near predevelopment wetlands or downgradient from treated
municipal wastewater discharges. The age and resulting
chemistry of groundwater within the study area combine
to create conditions that allow certain naturally present
trace elements, including arsenic, chromium, uranium, and
vanadium, to enter groundwater at concentrations that may be
of public-health concern. Groundwater recharge with imported
water, treated municipal wastewater, and irrigation return may
alter the concentrations of naturally present trace elements
(Izbicki and others, 2007, 2008c, 2015b).

Aqueous Chemistry of Selected Trace Elements

Arsenic, chromium, uranium, and vanadium form
negatively charged ions in solution (Rai and Zachara, 1984;
Hem, 1985). These ions have similarities and differences
in their aqueous geochemistry with respect to redox,
pH-dependent sorption, and complexation with other
dissolved ions.

The oxidized forms of arsenic, As(V), chromium,
Cr(VI), and vanadium, V(V), form negatively charged ions
with oxygen known as oxyanions (Rai and Zachara, 1984;
Hem, 1985). The oxyanions arsenate (AsO,*"), chromate
(CrO?*) or dichromate (Cr,0,%>), and orthovanadate (VO,*)
are soluble in oxic, alkaline groundwater (Rai and Zachara,
1984; Stumm and Morgan, 1996). In water, these oxyanions
are in equilibrium with protonated forms (H* added from the
water molecule to form a conjugate acid) having less negative
and in some cases zero valences with changes in pH (Rai and
Zachara, 1984). The oxidized form of uranium, U(VI), does
not form an oxyanion, but uranyl (UO,?*) has low solubility
and complexes with carbonate and bicarbonate to produce
highly soluble negatively charged ions having aqueous
chemistry similar to oxyanions (Rai and Zachara, 1984). In
water, uranyl complexes with carbonate also are in equilibrium
with protonated forms that range from anionic (negatively
charged), to zero valence, to cationic (positively charged) with
changes in pH (Krajnak and others, 2014).

Arsenite, As(IT), the reduced form of arsenic, is soluble
during reduced conditions. In contrast, trivalent chromium,
Cr(III), the uranates U(IV) and U(V), and V(II), V(III), and
vanadyl, V(IV), the reduced forms of chromium, uranium,
and vanadium, respectively, are less soluble in pH and redox
conditions common in uncontaminated aquifers (fig. 6).

In contrast to oxyanions, iron, as ferric Fe(III) or Fe™3,
and manganese, as Mn(IV), are less soluble during oxidized
conditions and more soluble under reduced conditions (fig. 6).
Redox potential, Eh, is a measure of the tendency of ions
within solution to acquire electrons or lose electrons. In the
absence of dissolved-oxygen data or other data to measure or
calculate redox potential, iron and manganese concentrations
can be used to assess the redox status of groundwater and
evaluate selected oxyanion concentrations in groundwater
(McMahon and Chapelle, 2008).

As groundwater becomes increasingly reduced
(lower Eh values), Cr(VI) followed by U(VI) are reduced
and leave solution. Reduction of chromium and uranium
occurs after reduction of manganese, as Mn(II) or Mn™?
enters solution, but before reduction of iron, as ferrous
Fe(II) or Fe™2, enters solution. In contrast, As(V) and
V(V) can persist until iron is reduced and enters solution.

At a pH of 8 or higher, V(V) can persist until after Fe* is
removed from solution as iron sulfide (Hem, 1963, 1985;
Rai and Zachara, 1984; Ball and Nordstrom, 1998; Wright
and Belitz, 2010; fig. 6). Mn*2 enters solution before
Cr(VI) and U(VI) are reduced and removed from solution.
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In the absence of dissolved-oxygen data, some groundwater
containing Cr(VI) and U(VI) may be classified as

reduced using the classification system of McMahon and
Chapelle (2008).

In addition to changes in dissolved forms with changes
in redox potential, dissolved forms of arsenic, chromium,
uranium, and vanadium also change with pH, with different
forms having different sorptive properties. In general,
divalent ions are more strongly sorbed than monovalent ions,
which are more strongly sorbed than uncharged complexes,
and larger, more complex ions are less strongly sorbed than
smaller ions. In oxic, neutral to alkaline groundwater, arsenic,
as As(V), is present primarily as HAsO, 2 (Campbell and
Nordstrom, 2014); however, some H,AsO, may be present
at neutral to slightly alkaline pH, and complexation with
sodium or calcium ions may create large poorly sorbed zero
valent or positively charged ions (Campbell and Nordstrom,
2014). Chromium as Cr(VI) is primarily CrO,>"; however,
at neutral to slightly alkaline pH values, some HCrO, ™ also
may be present (Ball and Nordstrom, 1998). Complexation
of chromium with dissolved cations is less important than
for arsenic (Campbell and Nordstrom, 2014). During oxic
conditions, uranium is present as U(VI) at pH values of 7 and
8 (fig. 6). In the absence of carbonate, uranium is present as
UO,(OH), H,0, which has low solubility. In the presence of
carbonate, the primary aqueous form of uranium shifts from
cationic (UO,);(OH)>* at a pH of 7.0 to anionic UO,(CO,),>
at a pH of 7.1 and to anionic UO,(CO;),;* at a pH of 7.7;
smaller amounts of UO,(OH),, UO,CO,, UO,(OH),, and
(UO,);(OH)™ also are present (along with protonated forms)
across this pH range (Krajnak and others, 2014). Uranium
carbonate complexes form soluble complexes with calcium
predominated by Ca,UO,(CO,),° (Jurgens and others, 2010)
and are not strongly sorbed because of their size and valence
(at neutral pH). In reduced groundwater, the solubility of
uranium may be enhanced through complexation with iron
(Ayotte and others, 2011a, b; Stewart and others, 2011).
During oxic and reduced conditions, vanadium is present as
V(V) at pH values of 7 and 8 (fig. 6), but the primary aqueous
form shifts from V;043 to VO;(OH)? near a pH of 8.0
(Guzman and others, 2002). H,VO* is comparatively stable
(Page and Wass, 2006; Wright and others, 2014) and is the
dominant aqueous form of vanadium during oxic and suboxic
conditions. Some complexation with reduced forms of
vanadium, V(IV) and V(III) and fluoride may occur at lower
redox potential (Page and Wass, 2006; Wright and others,
2014; Chang and others, 2016).

In general, complexation leads to larger, more complex
aqueous forms, often having zero charge valence, that would
be expected to be less strongly sorbed at higher pH values
than smaller, charged ions. Arsenic and uranium form large
zero-valence ion complexes and are less strongly sorbed than
Cr(VI), which forms fewer complexes, or than V(V), which
does not typically form complexes during oxic conditions.
V(V) and As(V) persist in groundwater at lower redox
potentials than Cr(VI) or U(VI) and can remain in solution
with Fe*2 (fig. 6); reduced As(I1I) will remain in solution
during strongly reduced conditions (fig. 6).
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Sorption and Sorptive Properties of
Surface Coatings

Sorption includes physical and chemical processes
and describes adsorption and desorption. Adsorption is the
adherence of a chemical to a material’s surface, whereas
desorption is the release of an adsorbed chemical from a
material’s surface. Adsorption to the surface coatings of
mineral grains initially occurs rapidly as a result of physical
sorption by electrostatic forces commonly described
as non-specific sorption. Chemical sorption includes
pH-dependent sorption and slower incorporation of sorbed
material into amorphous, organic, and crystalline materials
on the surfaces of mineral grains (Chao and Sanzolone, 1989;
Smith, 1999; Wenzel and others, 2001).

Sorption of negatively charged oxyanions is a function
of the anion exchange capacity and the point of zero charge
(PZC; or isoelectric point) of materials on the surfaces of
mineral grains. The anion exchange capacities for most aquifer
materials are commonly less than their cation exchange
capacities and range from 1 to 5 milliequivalents per gram
(Bolt and Bruggenwert, 1978). However, anion exchange
capacity is more accurately expressed as the surface area of
the active sorbent. In addition, the anion exchange capacity of
a sorbent is commonly specific to the sorbed ion (Campbell
and Nordstrom, 2014). In pure water, where the PZC can be
specified solely in terms of H" and OH", the PZC is the pH at
which an equal number of the exchange sites on a surface are
occupied by H* and by OH™ ions and the net surface charge of
the material is zero (Stumm and Morgan, 1996). At pH values
less than the PZC, the sorbent surface has a net positive charge
and negatively charged oxyanions are generally sorbed. At
pH values greater than the PZC, the sorbent surface has a net
negative charge. As pH increases above the PZC, the sorbent
surface charge becomes increasingly negative, and negatively
charged oxyanions desorb and are increasingly present
in solution.

Literature-derived PZC values for silicates, aluminum
silicates (clay minerals), and amorphous silica (as silica
dioxide) range from a pH of 2.5 to 4.6 (table 2). At alkaline
pH values commonly present in groundwater in the study area
(Metzger and others, 2015), surface exchange sites on these
materials are predominately negative; sorption of cations
predominates, and fewer negatively charged anions, including
oxyanions, are sorbed to aquifer materials.

In contrast to amorphous and more crystalline silica and
clay minerals, aluminum and iron oxides (and hydroxides)
have PZCs that range from 7.8 for a-Al(OH); to 9.5 for
a-Al,O5 and from 4.2 for a-Fe,O; to 8.5 for amorphous
Fe(OH), (table 2). Oxide (and hydroxide) composition and
crystal structure affect PZC values. For pure materials, rapid
desorption often occurs with only small changes in pH,
creating characteristic adsorption isotherms. Adsorption
isotherms for natural materials consisting of complex

mixtures of sorbents are less rapid with changes in pH.
Literature-derived PZC values indicate desorption of
oxyanions from iron oxides would begin to occur at neutral to
slightly alkaline pH, whereas desorption of oxyanions from
aluminum oxides would occur at more alkaline pH, with some
sorbed oxyanions potentially still present on mineral grains at
pH values as high as 9.5.

Crystalline manganese oxides generally have lower PZCs
than aluminum or iron oxides, ranging from 1.5 for amorphous
MnO, to 7.3 for f-MnO, (table 2). Similar to aluminum and
iron oxides, composition and crystal structure also affect PZC
for manganese oxides, and amorphous manganese oxides
have a lower PZC than the more crystalline B-MnO,. Mn(III)
and Mn(IV) oxides can oxidize Cr(III) to Cr(VI) (Schroeder
and Lee, 1975), and the PZC for the various manganese
oxides may partly explain why oxidation of Cr(III) to Cr(VI)
decreases as pH increases above values of 5.6 (Oze and
others, 2007). Oxidation of Cr(III) to Cr(VI) by manganese
oxides is more prevalent in fine-textured aquifer materials
dominated by slow, diffusive groundwater movement that
allows greater reaction time with mineral grain surfaces,
than in coarse-textured materials dominated by more rapid,
advective groundwater movement that allows less reaction
time with mineral grain surfaces (Hausladen and others, 2019).
The stability of manganese oxides increases as carbonate
concentrations increase (Hem, 1963), and manganese oxides
capable of oxidizing Cr(III) to Cr(VI) are more abundant
within fine-textured, carbonate-rich materials such as mudfiat
and playa deposits.

In general, sorption is reversible with changes in water
chemistry. However, as time since initial physical sorption
increases, sorbed material may be incorporated chemically
into more crystalline oxide structures on the surfaces of
mineral grains and become progressively less available
to groundwater. For example, Izbicki and others (2015b)
demonstrated that within 1 year, radioactive arsenic-73
sorbed to the surfaces of mineral grains was incorporated
into crystalline mineral structures on the surfaces of those
grains and became increasingly refractory and less mobile
to groundwater. However, if groundwater should become
reducing, amorphous and crystalline iron and manganese
oxides that act as sorbents on the surfaces of mineral grains
may dissolve—potentially releasing sorbed arsenic, chromium,
uranium, and vanadium within amorphous and crystalline
minerals on the surfaces of mineral grains into solution
through a process known as reductive dissolution (Stumm and
Morgan, 1996; Smedley and Kinniburgh, 2002). Groundwater
flowing across mineral grains is constantly removing or adding
oxyanions to the surfaces of those grains, and hydrologic
processes operating at the aquifer scale can alter the local
equilibrium at the mineral-grain scale, decreasing sorbed
concentrations of oxyanions and other constituents in some
areas and increasing sorbed concentrations in other areas.
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Table 2. Point of zero charge for selected materials commonly present as coatings on the surfaces of
mineral grains.

[Data compiled from different sources measured using different techniques. PZC is point of zero charge, pH in standard
units. Element symbols: Si, silica; O, oxygen; Al, aluminum; Na, sodium; Ca, calcium; H, hydrogen; Fe, iron; K, potassium;
Mg, magnesium; Mn, manganese; Ba, barium]

Crystal PZC Data source

Material Chemical formula
structure number!

Silicates and aluminum silicates

Silica dioxide SiO, Amorphous 3.5 8

Kaolinite AlLSi,04(OH), Not specified 2.8,4.6 1,8

Montmorillonite (Na,Ca), 55(A1,Mg),(S1,0,,)(OH),nH,0  Not specified 2.5 8
Aluminum oxides and hydroxides

Gibbsite Al(OH), Amorphous 8.3

Gibbsite Al(OH), a-Al(OH), 7.8-9.5

Corundum ALO; a-ALO; 9.5 9

Iron oxides and hydroxides

Iron hydroxide Fe(OH), Amorphous 8.5 6

Iron hydroxide Fe(OH), Not specified 8.5 4

Goethite FeO(OH) Not specified 8.0 7

Goethite FeO(OH) a-FeOOH 6.0-7.0 8

Hematite Fe,0; a-Fe,O; 42-6.9 8

Maghematite Fe,0, Y-Fe,0,4 6.7 6

Lepidocrosite FeO(OH) Y-FeO(OH) 5.4-7.4 6

Ferrihydrite (Fe*"),04-0.5H,0 Not specified 8.1 6
Manganese oxides and hydroxides

Birnessite (Na, Ca, or K)(Mn",Mn*),0, Amorphous 1.5 3

Birnessite (Na, Ca, or K)(Mn*},Mn*#),0, a-MnO, 4.6,5 3,9

Birnessite (Na, Ca, or K)(Mn*3,Mn*4),0, B-MnO, 7.3 3

Birnessite (Na, Ca, or K)(Mn",Mn*™),0, 8-MnO, 22,1528 5,8

Birnessite (Na, Ca, or K)(Mn*},Mn*#),0, Y-MnO, 5.6 3

Manganite MnO(OH) Not specified 2

Hollandite Ba(Mn*";Mn3**,)O; 4 Not specified 4.5 2

(Coronadite group)

Data source number: 1, Appel and others, 2003; 2, Gilkies and McKenzie, 1989; 3, Healy and others, 1966; 4, Hingston
and others, 1972; 5, Murray, 1974; 6, Tan, 2000; 7, Tan and others, 2008; 8, Smith, 1999; and 9, Stumm and Morgan, 1996.
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Sorption of oxyanions to mineral grains in environmental

systems is a physical and chemical phenomenon that can be
difficult to understand from a process-oriented standpoint.
Many different sorbents, each having different physical

and chemical properties, can be present on the surfaces of
mineral grains and physical sorption can change to chemical
sorption with time. Additionally, sorption also can be affected
by differences in the chemical properties of oxyanions in
groundwater and the physical and chemical properties of
sorbents at different aqueous chemistry and pH. Therefore,
operational techniques that assess the behavior of arsenic,
chromium, uranium, and vanadium in progressively stronger
extraction solutions are commonly used to quantify sorption
of oxyanions in groundwater (Chao and Sanzolone, 1989;
Wenzel and others, 2001).

Purpose and Scope

In cooperation with the Mojave Water Agency (MWA),
the U.S. Geological Survey (USGS) completed a study
of trace element concentrations in rock, unconsolidated
materials (including surficial alluvium, and drill cuttings
from wells), and groundwater. Trace elements addressed
in this study included the geogenic contaminants arsenic,
chromium as Cr(VI), uranium, and vanadium. These
elements were examined because they are known to be
present naturally in groundwater in the area managed by the
MWA at concentrations of concern for public health, and
more information can be found in a data release by Metzger
and others (2015). These elements form negatively charged
complexes with oxygen that have some similarities in their
aqueous geochemistry with respect to redox, sorption,
and complexation that promote their occurrence in oxic,
alkaline groundwater.

The purpose of this report is to describe how
geologic source materials and geochemical processes at
the mineral-grain scale interact with aqueous chemistry
and hydrologic processes at the aquifer scale to contribute
selected geogenic trace elements, including arsenic,
chromium, uranium, and vanadium, to water from wells in
the area managed by MWA. The scope of study included
(1) measurement of selected elemental concentrations
in rock, surficial alluvium, and drill cuttings from wells;
(2) measurement of selected elemental concentrations
extracted from operationally defined surface coatings on
mineral grains that compose aquifers; and (3) evaluation of
arsenic, chromium, uranium, and vanadium concentrations
in water from wells with respect to geology and aquifer
geochemistry including redox status, pH, and groundwater
age. Water quality data compiled as part of this study by
Metzger and others (2015) were reviewed, and additional
data were collected to fill gaps identified within those data.
Selected maps prepared by Metzger and others (2015) were
updated on the basis of these additional data.

Methods

Elemental concentrations in rocks, surficial alluvium,
and drill cuttings from wells were measured using portable
(handheld) X-ray fluorescence (pXRF; Groover, 2016).
Aluminum, iron, and manganese oxides that represent
potential sorption sites on the surfaces of mineral grains, and
arsenic, chromium, uranium, and vanadium concentrations
on operationally defined sorption sites were measured using
sequential extraction procedures modified from Chao and
Sanzolone (1989) and Wenzel and others (2001). Existing
groundwater-chemistry data from wells in the study area
for 200012 were compiled from the USGS National Water
Information System (NWIS; U.S. Geological Survey,

2012) by Metzger and others (2015) as part of this study.
Groundwater-chemistry data were supplemented by additional
data collected as part of this study (U.S. Geological Survey,
2018), and as part of the Groundwater Ambient Monitoring
Assessment (GAMA) Program, Priority Basin Project, Mojave
Basin Domestic-Supply Aquifer Study (fig. 7; U.S. Geological
Survey, 2018; Groover and Goldrath, 2019). Methods for data
collection and analyses are described in the following sections.

Rock, Surficial Alluvium, and Drill Cuttings
from Wells

Concentrations of 27 elements, including arsenic,
chromium, uranium, and vanadium, were measured on rock,
surficial alluvium, and drill cuttings by pXRF (Groover,
2016) using procedures described by Groover and Izbicki
(2019). The pXRF measurements were taken using a
portable energy-dispersive DP-4000 Delta Premium X-ray
fluorescence instrument (Olympus, Waltham, Massachusetts;
Groover, 2016). Each measurement was taken for 2 minutes
across an oval area approximately 5 millimeters (mm)
across its larger diameter. Measurements were optimized
for chromium concentrations greater than 200 milligrams
per kilogram (mg/kg) by adjusting instrument settings
according to manufacturer’s specifications when high
chromium concentrations were encountered (Groover and
Izbicki, 2019). Instrument reporting levels were 1.3 mg/kg
for arsenic, 1.4 mg/kg for chromium, 2.8 mg/kg for uranium,
and 30 mg/kg for vanadium. Instrument reporting levels were
used as the study reporting levels (SRL) for the purposes of
this report.

Portable (handheld) x-ray fluorescence (pXRF) data were
collected on 33 samples of rock from upland areas (fig. 3)
and 126 samples of surficial alluvium (fig. 2C) within the
study area and are discussed in a data release by Groover
and Izbicki (2018). Three to five replicate measurements
were done on each sample, for a total of 106 measurements
of rock and 412 measurements of surficial alluvium. Rock
sample locations were selected to represent compositional
endmembers from different geologic source terranes.
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Data for pXRF measurements on samples of rock, surficial
alluvium, and drill cuttings from selected wells are available
in Groover and Izbicki (2018). Site locations, sample intervals,
and number of measurements at each well are summarized

in appendix 1 (table 1.1). Additional data for selected
boreholes, including lithologic and geophysical logs, and well
construction data are available in Huff and others (2002),
Izbicki and others (2000), or in the online USGS GeoLog
Locator (U.S. Geological Survey, 2020).

Most samples of surficial alluvium were collected from
the active channels of small streams draining distinct geologic
source terranes. Samples of surficial alluvium also were
collected along the length of the active channels of the Mojave
River and selected large streams, including Sheep Creek wash,
Pipes Wash, and Yucca wash. Most samples consisted of silt,
sand, and gravel that had not been altered by soil-forming
processes. The average sample density for surficial alluvium
in this study was one sample per 30 mi?, which is higher than
the average sample density of one sample per 620 mi? in the
most recent survey of trace-element concentrations in surficial
materials within the continental United States (Smith and
others, 2014).

In addition, almost 900 pXRF measurements were made
on archived drill cuttings from 23 selected boreholes drilled by
the USGS for installation of monitoring wells between 1992
and 2018 (fig. 2B). Most selected boreholes were within the
floodplain aquifer along the Mojave River, several boreholes
were representative of geologic settings outside the floodplain
aquifer such as mafic alluvium within the Sheep Creek fan.
Archived drill cuttings were placed in 1-cubic inch holders
within plastic cases at the time of drilling and stored at the
USGS office in San Diego, Calif. Most boreholes were drilled
using reverse mud-rotary techniques. Mud-rotary drill cuttings
typically represent material physically averaged over 20-ft
intervals by the drilling process. To expedite data collection,
replicate measurements were not made on most drill cuttings
(Groover and Izbicki, 2018). Archived drill cuttings from
additional boreholes are available for analysis.

Samples of rock, surficial alluvium, and drill cuttings
were analyzed at the USGS office in San Diego. Sample
preparation for rocks consisted of rinsing a freshly exposed
surface with tap water to remove dust and other debris.

The sample was air-dried prior to measurement. Sample
preparation for surficial alluvium consisted of manually
removing organic debris and cobbles, and either air-drying
or oven-drying at 80 °C prior to measurement. Sample
preparation for drill cuttings consisted of disaggregating
material prior to analyses. Drill cuttings were not washed to
remove drilling mud prior to analyses. Samples of drilling
mud were analyzed by pXRF to ensure drilling mud did

not contain high concentrations of the elements of interest.
To ensure mud-rotary drill cuttings were representative of
aquifer material, pXRF data collected from drill cuttings from

multiple-well site 6N/7W-27B5—7 were compared with data
collected from well 6N/7W-27B8, 20 feet to the east (fig. 2B;
U.S. Geological Survey, 2018). Well 6N/7W-27B8 was drilled
using Overburden Drilling Exploration (ODEX) in which air is
used to remove cuttings so that ODEX cuttings do not contain
drilling mud (Hammermeister and others, 1986; Izbicki and
others, 2000).

Two National Institute of Standards and Technology
(NIST) soil standards 2710a (National Institute of Standards
and Technology, 2018a) and 2711a (National Institute of
Standards and Technology, 2018b), a USGS rock standard
BHYO-2 (Kokaly and others, 2017), and a reagent-grade silica
dioxide blank were measured daily by pXRF prior to sample
analyses. Standards and blanks were measured at regular
intervals between analyses of samples. The average of almost
240 measurements of standards agreed with soil and rock
reference concentrations within —7 percent for arsenic, within
less than +1 percent for chromium-optimized measurements
(within +18 percent for unoptimized measurements), and
within —6 percent for uranium (Groover and Izbicki, 2019).
Silica blank data did not show evidence of contamination
or sample carry-over for arsenic, chromium, uranium,
or vanadium.

Laboratory XRF (LXRF) data were measured using
a wavelength dispersive XRF (WDXRF) on splits from
33 samples of surficial material. Least-squared regression
comparisons for pXRF and LXRF data indicated intercepts
were not significantly different from 0 and slopes were not
significantly different from 1 for chromium and uranium,
with coefficient of determination (R?) values of 0.84 and 0.95,
respectively (Groover and Izbicki, 2019). Arsenic could not be
measured by the WDXRF method.

The pXRF measurements for vanadium differed by as
much as 240 percent of the standard values. Least-squared
regression comparison for vanadium measurements by both
the WDXRF and the pXRF resulted in an intercept of 300, a
slope of 1.05 (not significantly different from 1), and an R? of
0.66. Vanadium concentration data measured by pXRF in this
report were adjusted by subtracting 300 from the measured
value (Groover and Izbicki, 2019) to improve agreement
between standard values and measured LXRF values.

For the purposes of this report, pXRF data from rock,
surficial alluvium, and drill cuttings are compared to average
bulk continental crust concentrations (Reimann and de
Caritat, 1998) and average continental-scale concentrations
in surficial soils (Smith and others, 2014, 2019) to provide
the reader with an understanding of what constitutes a high or
low value. Some particularly high concentrations measured
as part of this study are compared to Total Threshold Limit
Concentrations (TTLC; California Code of Regulations,
2020); these comparisons do not imply public health concerns
or regulatory exceedances.



Sequential Extractions

The concentrations of aluminum, iron, and manganese
oxides extractable from surfaces of mineral grains, and
arsenic, chromium, uranium, and vanadium concentrations
in operationally defined fractions extractable from
surface-sorption sites on mineral grains, were measured on
splits from 40 samples of surficial alluvium and archived core
material from previously drilled wells (Izbicki and others,
2000; Huff and others, 2002) using sequential-extraction
procedures developed from Chao and Sanzolone (1989) and
Wenzel and others (2001; table 3). Sequential-extraction
data measured as part of this study were supplemented
with sequential-extraction data from 54 samples of surficial
alluvium and core material measured using similar procedures
by Izbicki and others (2008b).

Five operationally defined fractions were measured
using sequential-extraction procedures as part of this study.
These operationally defined fractions are intended to represent
different sorption sites on the surfaces of mineral grains
(surface-sorption sites). Trace elements extractable within
the nonspecifically (weakly) sorbed fraction are potentially
mobile to groundwater with changes in the ionic strength
of the water (Chao and Sanzolone, 1989); this fraction is
the most mobile to groundwater. Trace elements extractable
within the specifically sorbed (pH-dependent) fraction are
potentially mobile with changes in the pH of groundwater.
Trace elements extractable within the amorphous fraction
are within non-crystalline materials on the surfaces of
mineral grains. The well-crystallized and strongly sorbed
(strong-acid extractable) fractions consist of crystalline
materials extractable from the surfaces of mineral grains that
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would likely become mobile to groundwater as iron- and
manganese-oxide coatings on the surfaces of mineral grains
dissolve during reduced aqueous conditions.

Samples analyzed as part of this study were extracted
using procedures summarized in table 3. Not all extractions
were done on all samples included from previous studies,
and aluminum was not measured on all samples from
previous studies. Extractions were done at the USGS office
in San Diego, Calif. Sample extracts were preserved with
nitric acid to a pH less than 2.0 (if needed) and shipped to
the USGS National Water Quality Laboratory (NWQL) for
analyses by inductively coupled plasma-mass spectrometry
(ICP-MS; Garbarino and others, 2005). Sample-extract
solutions were diluted prior to analysis by ICP-MS to ensure
instruments would not be damaged by chemicals in the
extract solutions. Laboratory reporting limits (LRLs) for each
constituent and each extraction are provided in table 4. LRLs
for extract solutions are higher than for similar analyses within
natural-water matrices. Dilution prior to analysis resulted
in LRLs for chromium in extract solutions that ranged from
9 to 150 pg/L (equivalent to 0.045 to 0.75 mg/kg of solid
material), and chromium concentrations were not quantifiable
in most sample extracts. Sample extracts were reanalyzed
for chromium without dilution by graphite furnace atomic
absorption spectrometry (GFAAS) using U.S. Environmental
Protection Agency (EPA) method 7010 (U.S. Environmental
Protection Agency, 2007) at the USGS Redox Chemistry
Laboratory in Boulder, Colo., to obtain a lower LRL of
0.2 pg/L (equivalent to 0.001 mg/kg) for all extracts. Given
the extract-to-solid ratio (100 milliliters to 20 grams; table 3),
extract concentrations from the laboratory in micrograms per
liter (ng/L) were multiplied by 0.005 to convert values to
milligrams per kilogram (mg/kg).

Table 3. Summary of sequential extraction procedures used for samples of surficial alluvium, drill cuttings, and core material.

[Procedures modified from Chao and Sanzolone (1989) and Wenzel and others (2001). Abbreviations: mL, milliliters; M, molar.
Element symbols: K, potassium; Cl, chloride; N, nitrogen; H, hydrogen; P, phosphorous; O, oxygen; C, carbon; Al, aluminum; Fe, iron; Mn, manganese]

Extraction solution Solution volume,

Operationally defined Extraction time,

inmL surface-sorption sites in hours
Initial sample mass, 20 grams
0.05M KC1 100 Nonspecifically (weakly) sorbed 4
0.05M (NH,)H,PO, 100 Specifically sorbed (pH-dependent) 16
Sample split into two equal portions of 10 grams

Analyses of split 1
0.2M (NH,),C,0, -H,0! 50 Amorphous (Al, Fe, and Mn oxides and hydroxides) 14
0.2M (NH,),C,0,-H,0 + 0.1 M C;HO, 50 Well-crystallized (Al, Fe, and Mn oxides and hydroxides) 0.5

Analyses of split 2
4M HNO; 50 Strongly sorbed (strong-acid extractable) 16

IExtraction done in the dark.
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Table 4. Summary of replicate and blank sample data for sequential-extraction analyses of samples of surficial alluvium, drill
cuttings, and core material, western Mojave Desert, southern California, 2015 through 2016.

[Sequential extraction procedures modified from Chao and Sanzolone (1989) and Wenzel and others (2001). Data available in U.S. Geological Survey
(2018). Reagent-grade silica dioxide powder (99.99 percent-pure) used for blank samples. Extract concentrations in micrograms per liter were multiplied
by 0.005 to convert concentrations to milligrams per kilogram, or by 5 to convert concentrations to micrograms per kilogram. Abbreviations: + 1o, plus or
minus one standard deviation; —, no data; <, less than]

Five replicate sets Four blank
Laboratory (two duplicates, three triplicates) samples
Operationally defined extractable fraction reporting Number of . Variation within .
(surface-sorption sites) limit replicate Median of replicate Highest
(LRL) sets less concentrations samplos, ) concentration
than LRL above LRL +1c in percent in blank sample’
Aluminum, concentration values in milligrams per kilogram
Nonspecifically (weakly) sorbed 0.75 5 — 0 <0.75
specifically sorbed (pH dependent) 3.0 0 20 17 <3
Amorphous 0.45 0 11 8 <0.45
Well-crystallized 2.25 0 13 11 <2.25
Strongly sorbed (strong-acid extractable) 7.5 0 6,090 8 <7.5
Iron, concentration values in milligrams per kilogram
Nonspecifically (weakly) sorbed 0.08 5 — 0 <0.08
Specifically sorbed (pH dependent) 0.4 0 15 8 0.49 (2)
Amorphous 0.02 0 0.12 17 <0.02
Well-crystallized 0.5 0 64 12 <0.5
Strongly sorbed (strong-acid extractable) 3.0 0 520 5 <3
Manganese, concentration values in milligrams per kilogram
Nonspecifically (weakly) sorbed 0.10 5 — 0 <0.01
Specifically sorbed (pH dependent) 0.40 0 2.8 14 <0.4
Amorphous 0.06 0 6.1 7 <0.06
Well-crystallized 0.30 0 13 10 <0.3
Strongly sorbed (strong-acid extractable) 1.0 0 26 6 <1
Arsenic, concentration values in micrograms per kilogram
Nonspecifically (weakly) sorbed 25 4 1,500 82 <25
Specifically sorbed (pH dependent) 100 4 315 10 <100
Amorphous 15 0 93 5 <15
Well-crystallized 75 2 105 5 <75
Strongly sorbed (strong-acid extractable) 250 3 333 3 <250
Chromium, concentration values in micrograms per kilogram
Nonspecifically (weakly) sorbed 1.0 3 2.0 19 <1
Specifically sorbed (pH dependent) 1.0 2 90 8 <1
Amorphous 1.0 0 4.0 10 6(4)
Well-crystallized 1.0 0 300 22 50 (3)
Strongly sorbed (strong-acid extractable) 1.0 1 85 4 4.5(3)
Uranium, concentration values in micrograms per kilogram
Nonspecifically (weakly) sorbed 3.5 5 — 0 <3.5
Specifically sorbed (pH dependent) 250 0 75 16 <250
Amorphous 2.1 0 34 5 <2.1
Well-crystallized 10 0 3 5 <10
Strongly sorbed (strong-acid extractable) 35 0 280 11 <35
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Table 4. Summary of replicate and blank sample data for sequential-extraction analyses of samples of surficial alluvium, drill
cuttings, and core material, western Mojave Desert, southern California, 2015 through 2016.—Continued

[Sequential extraction procedures modified from Chao and Sanzolone (1989) and Wenzel and others (2001). Data available in U.S. Geological Survey
(2018). Reagent-grade silica dioxide powder (99.99 percent-pure) used for blank samples. Extract concentrations in micrograms per liter were multiplied
by 0.005 to convert concentrations to milligrams per kilogram, or by 5 to convert concentrations to micrograms per kilogram. Abbreviations: + 1o, plus or

minus one standard deviation; —, no data; <, less than]
Five replicate sets Four blank
Laboratory (two duplicates, three triplicates) samples
Operationally defined extractable fraction reporting Number of i Variation within
(surface-sorption sites) limit replicate Median of replicate Highest
(LRL) sets less concentrations samples, . concentration
than LRL above LRL £1c in percent in blank sample’
Vanadium, concentration values in micrograms per kilogram
Nonspecifically (weakly) sorbed 25 5 — 0 <25
Specifically sorbed (pH dependent) 100 0 220 9 <100
Amorphous 15 0 90 5 <15
Well-crystallized 75 0 760 8 <75
Strongly sorbed (strong-acid extractable) 250 0 2,710 5 <250

"Number in parentheses is number of detections in blank samples. If no number is given in parenthesis, there were no detections in blank samples.

Quality-control samples consisted of five replicate
sample sets (consisting of two duplicates and three triplicates)
and four blank samples. The four blank samples were
sequential extractions from reagent-grade silica dioxide
powder (99.99-percent pure). Analytical results for replicate
and blank data are summarized in table 4. Median precision
for the various sequential extractions from replicate data
for aluminum, iron, and manganese was 8 percent; median
precision for arsenic, chromium, uranium, and vanadium
was 6 percent. Blank-sample concentrations were less than
the LRL, with the exceptions of chromium, which was
detected in the amorphous, well-crystallized, and strongly
sorbed (strong-acid extractable) fractions, and iron, which
was detected in the specifically sorbed (pH-dependent)
fraction (table 4).

Sequential-extraction data from Izbicki and others
(2008b) were combined with data analyzed as part of this
study for the purpose of interpretation. Izbicki and others
(2008b) did not analyze their samples for all constituents from
all five operationally defined fractions defined by Chao and
Sanzolone (1989) and Wenzel and others (2001). LRLs for
the various extract solutions differed over time. Consequently,
the highest LRL associated with each sequential extraction
was used to interpret the data. Data are available from
U.S. Geological Survey (2018).

Arsenic, chromium, uranium, or vanadium
concentrations within surficial alluvium, drill cuttings and
core material can be evaluated with respect to potentially
hazardous concentrations, using the Toxicity Characteristic

Leaching Procedure (TCLP; U.S. Environmental

Protection Agency, 1992) or similar methods. This evaluation
is not strictly appropriate for natural material and was
beyond the scope of this study.

Groundwater Chemistry

As part of this study, groundwater-chemistry data
collected by the USGS and MWA from about 500 wells in
the study area between 2000 and 2012 were compiled by
Metzger and others (2015). The USGS provided training in
field methods for MWA personnel approximately annually
during this period. Many sampled wells were monitoring
wells completed at different depth intervals at multiple-well
sites (Huff and others, 2002). These data are publicly
available in NWIS (U.S. Geological Survey, 2012) and are
available online in map format (Metzger and others, 2015).
Median trace-element concentrations from wells having
multiple samples were used to calculate statistics presented
in this report. Assignment of each of these wells to either
the floodplain or regional aquifer followed the approach of
Metzger and others (2015)—wells within the footprint of the
floodplain aquifer defined by Stamos and others (2001), with a
depth of 200 ft or less, were assigned to the floodplain aquifer;
deeper wells were assigned to the regional aquifer. Data in this
report show that the floodplain aquifer is thinner than 200 ft in
many areas, and some wells assigned to the floodplain aquifer
may be completed entirely or partly within the underlying
regional aquifer.
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Data from Metzger and others (2015) were used to
evaluate data gaps and guide the collection of additional data
from 53 wells sampled as part of this study between July and
October 2016. These data were supplemented by data from
59 wells sampled as part of the GAMA Program, Priority
Basin Project, Mojave Basin Domestic-Supply Aquifer study
collected between January and May 2018 (fig. 7; Groover and
Goldrath, 2019). Groundwater-chemistry data collected as part
of this study and the GAMA Program are available in NWIS
(U.S. Geological Survey, 2018); data types, well identification
numbers, and NWIS record numbers are provided in
appendix 2 (table 2.1).

Methods used for well purging, sample collection,
sample handling, shipment, and reporting of data collected
by the USGS followed procedures in the USGS National
Field Manual for the Collection of Water Quality Data
(U.S. Geological Survey, variously dated) and Mathany and
Belitz (2009), Wright and Belitz (2010), and Dawson and
Belitz (2012a). These procedures included field filtration
through 0.45-micrometer (um) pore-sized filters for
dissolved constituents.

Samples collected by the USGS were analyzed at the
NWQL in Denver, Colo., except that Cr(VI) samples were
analyzed by the USGS Redox Chemistry Laboratory in
Boulder, Colo., and Cr(VI) samples collected as part of the
GAMA Program were analyzed by a contract laboratory
(Groover and Goldrath, 2019). Sample collection methods
used by MWA generally followed those used by the USGS,
except that samples were commonly not field filtered; MWA
samples were filtered through 0.45-um pore-sized filters for
dissolved constituents at the commercial laboratory where
they were analyzed. Following the approach of Metzger and
others (2015), MWA data were interpreted as comparable to
USGS data.

Between 2000 and 2012, LRLs ranged from 1 to
2 pg/L for total dissolved arsenic and from 0.1 to 1 pg/L for
Cr(VI) (Metzger and others, 2015). The LRLs for uranium
(0.1 pg/L) and vanadium (2 pg/L) did not vary during the
2000—12 period (Metzger and others, 2015). For the purposes
of this report, the higher LRL was used as the SRL with
values of 2, 1, 0.1, and 2 pg/L for arsenic, Cr(VI), uranium,
and vanadium, respectively. Eight replicate-sample pairs
and 12 blank samples collected as part of this study and
the GAMA Program, Priority Basin Project, Mojave Basin
Domestic-Supply Aquifer study between July 2016 and
May 2018 were analyzed at the NWQL for dissolved iron,
manganese, arsenic, chromium, uranium, and vanadium

(table 5). Sequential replicate and field blank samples were
prepared in the field and handled in the same manner as
environmental samples.

Analytical precision of replicate samples at the NWQL
varied by element (table 5). Manganese, arsenic, and
chromium had precisions better than 1 percent. Vanadium
and uranium had precisions better than 2 percent, and iron
had a precision of 8 percent. Concentrations in blank samples
analyzed at the NWQL were less than the LRLs for the
selected trace elements, except for one blank sample with
detections of iron, manganese, and arsenic at concentrations of
5.6, 0.25, and 0.05 pg/L, respectively.

Between 2000 and 2012, almost 700 water samples were
collected by USGS and MWA and analyzed for total dissolved
chromium, Cr(t), and Cr(VI) at different laboratories; both
constituents were greater than their respective LRLs in 355
of those samples (Metzger and others, 2015). Least-squares
regression of Cr(VI) as a function of Cr(t) yielded a slope
0f 0.99 with an R? of 0.94. For comparison, regression of
statewide Cr(t) and Cr(VI) data yielded a slope of 0.90 with an
R?=0.97 (Izbicki and others, 2015a). Although data reported
by Metzger and others (2015) are acceptable for the purposes
of this report, some samples had Cr(VI) concentrations as
much as 8 ug/L greater than Cr(t) concentrations. Cr(VI)
concentrations greater than Cr(t) concentrations were not
common, and Cr(VI) concentrations more than 1 pg/L greater
than Cr(t) concentrations were present in less than 7 percent
of samples.

In addition to the pre-2016 datasets, Cr(VI) and Cr(t)
were analyzed in water samples from 53 wells collected as
part of this study between July and October 2016, and in
water samples from 59 wells collected as part of the GAMA
Program between February and May 2018 (Groover and
Goldrath, 2019). Sample collection, handling, and analytical
procedures were more consistent, and LRLs were lower,
than for data presented in Metzger and others (2015).
Least-squares regression of Cr(VI) as a function of Cr(t)
yielded a slope of 0.97 with an R>0.99, and almost all
dissolved chromium was present as Cr(VI) (fig. 8). Dissolved
Cr(VI) concentrations more than 1 pg/L greater than Cr(t)
concentrations (representing differences of about 3 percent)
were present in only three samples. To ensure adequate spatial
coverage, Cr(VI) data reported by Metzger and others (2015)
were consolidated with data collected as part of this study and
the GAMA Program (Groover and Goldrath, 2019) for use in
this report.



Table 5.

Desert, southern California, July 2016 through May 2018.
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Summary of replicate and blank sample data for selected groundwater-quality constituents, western Mojave

[Data are from the U.S. Geological Survey National Water Quality Laboratory (U.S. Geological Survey, 2018) and represent total dissolved
concentrations. Range of laboratory reporting levels for 2000—12 compiled by Metzger and others (2015) for data from the Mojave River and

Morongo areas. Abbreviations: pg/L, micrograms per liter; + 1o, plus or minus 1 standard deviation; <, less than; —, no data]
Range of Laboratory Median Precision Highest
laboratory . . . Number of .
. reporting  Number of concentration of replicate . concentration
. reporting . . . field o
Constituent level, replicate  of replicate pairs, . in field
levels, . . equipment
2016 to 2018, pairs pairs, t1o blanks,
2000-12, in pg/L in pg/L inpercent DNk in pg/L"
in pg/L rg g p Hg
U.S. Geological Survey, National Water Quality Laboratory, Denver, Colorado
Iron 3.2-40 10 8 11 8 12 5.6 (1)
Manganese 0.13-5 0.4 8 25 0.4 12 0.25 (1)
Arsenic 1-2 0.05 8 5.0 0.6 12 0.05 (1)
Chromium, Cr(t) 0.07-2.0 0.5 8 2.6 0.4 12 <0.5
Uranium 0.01 0.01 3 10.6 1.4 12 <0.01
Vanadium 2 0.1 8 8.5 1.2 12 <0.1
U.S. Geological Survey Redox Chemistry Laboratory, Boulder, Colorado
Ferrous iron, Fe(II) — 2 1 <2 0 1 <2
Total dissolved iron, — 2 1 <2 0 1 <2
Fe(t)
Trivalent arsenic, — 0.8 2 <0.8 0 1 <0.8
As(III)
Total dissolved — 0.5 2 14 0.9 1 <0.5
arsenic, As(t)
Hexavalent chromium, 0.1-1 0.06 1 12.2 3 3 0.10 (3)
Cr(VI)
Total dissolved — 0.06 1 13.7 4 3 0.08 (1)

chromium, Cr(t)

"Number in parentheses is number of detections in blank samples. If no number is given in parentheses, there were no detections in

blank samples.

>The commercial laboratory that analyzed hexavalent chromium, Cr(VI), for the Groundwater Ambient Monitoring Assessment (GAMA)
Program Shallow Aquifer Study (Groover and Goldrath, 2019) had a laboratory reporting level (LRL) of 0.2 pg/L. All six field blanks for that study
exceeded the LRL, with a maximum concentration of 0.34 pg/L.
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Figure 8. Linear relation and one-to-one (1:1) line for line

for total dissolved chromium, Cr(t), and dissolved hexavalent
chromium, Cr(V1), western Mojave Desert, California, July 2016
through May 2018.

Statistical Methods

A large dataset, including pXRF data for surficial
alluvium and rock (Groover and Izbicki, 2018) and chemical
data for water from wells (U.S. Geological Survey, 2012,
2018; Metzger and others, 2015), was available for this
study. Median concentrations at each site or well are
presented graphically in this report as empirical distribution
functions (EDFs), representing the overall distribution of
each constituent. Overall EDFs for the entire study area
and separate EDFs for the floodplain and regional aquifers
within the Mojave River area and for the Morongo area are
commonly presented for each constituent; EDFs are plotted as
the measured constituent concentration (y-axis) as a function
of its frequency of occurrence, expressed as a percent (x-axis)
of the total number of sites. The frequency of occurrence (P) is
a step-function (eq. 1):

(1/(n+1)) x 100 (1)

where
n is the number of data points (n).

For any specified value of the measured variable, the
frequency represents measured data that are greater than or
equal to that value (exceedance frequency).

Statistically significant differences between EDFs were
evaluated using the Kolmogorov-Smirnov D-statistic (Arnold
and Emerson, 2011). The test statistic, D .., Was calculated
as a two-tailed test according to the following (eq. 2):

Disitical = G005 % (g +105) / () % ny))!?2 2)

where
0ps  hasavalue of 1.358,
n, is the number of observations in the first
dataset, and
n, isthe number of observations in the
second dataset.

The EDFs were considered significantly different for
any measured value 7, if the absolute difference in probability
(P) values of P;; — P,, was greater than D, (Arnold and
Emerson, 2011). The value i used to evaluate D, may be
any measured value. A two-tailed level of significance (o) of
0.05 was used to determine statistical significance for all
statistical analyses unless otherwise specified.

There were not enough sequential-extraction data
available for this study to construct meaningful EDFs for
those measurements; therefore, sequential-extraction data
were presented graphically as box plots. Differences in median
concentrations between sequential extractions from selected
groups of samples were evaluated for statistical significance
using the Median Test (Neter and Wasserman, 1974). Similar
to the Kolmogorov-Smirnov D-statistic, a level of significance
(a) of 0.05 was used to determine statistical significance for
the Median Test unless otherwise specified.

Elemental concentration data from pXRF measurements
were interpreted using principal component analyses
(PCA; Hotelling, 1933; Wold and others, 1987) to evaluate
elemental assemblages and differences in the elemental
composition of surficial alluvium eroded from different
geologic source terranes. Although confusing to many readers
(Frazier, 2018), multivariate statistical methods, such as PCA,
are commonly used to interpret elemental concentration
data for geologic materials (Grunsky and de Caritat, 2019).
Principal component analysis uses matrix algebra to
transform potentially correlated, and potentially non-linear,
multivariate data into new variables called principal
components. Principal components are uncorrelated, linear
combinations of the original data that preserve exactly the
overall variability of those data, and the number of principal
components equals the total number of input variables.
Whereas values of the input variables were concentrations,
the transformed values of the principal components are
known as scores. Principal component scores are calculated
from eigenvectors that 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 components. Kendall’s
tau (B) correlation coefficients (Kendall, 1938) for selected
elements were compared with PCA eigenvectors for those
elements to evaluate elemental co-occurrence in alluvium
eroded from different geologic sources. A level of significance
(a) of 0.05 was used to determine statistical significance of
Kendall’s tau () correlation coefficients.



The PCA eigenvectors were initially calculated from
pXRF data from surficial alluvium. To verify the accuracy
of the PCA results and their usefulness to identify geologic
source terranes, eigenvectors for surficial alluvium were used
to calculate scores for rock within various source terranes.
Finally, the eigenvectors were used to calculate scores for
drill cuttings, where geologic source terranes could not be
identified directly. Scores for rock and drill cuttings were
calculated according to the following (eq. 3):

R O TN
Swn = z ’Ja‘ X Eyn (3)

where
is surficial alluvium;
r  isrock (substitutes for a depending on the
material measured);
d  is drill cuttings (substitutes for a depending
on the material measured);
Y is the individual element As, Ca, or Cr;
X, is concentration of element y for a given rock
measurement;
X, is mean concentration of element y in
alluvium measurements;
c is standard deviation from the mean for
element y in alluvium; and
E  is 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
interpretation of PCA results with respect to identification
of geologic source terrane and the provenance of samples
of surficial alluvium. After assessing the suitability of the
comparison, scores were calculated for drill cuttings from
pXRF eigenvector data from surficial alluvium to identify
the geologic source of materials penetrated by wells where
the provenance of those materials may be more difficult to
evaluate directly.

By design, data for PCA in this report were not
normalized prior to analyses. Normalization of data (adjusting
values of variables in a dataset so they have the same standard
deviation) is done to ensure that PCA results using different
types of data, expressed in different units, are not dominated
by scale differences between variables. In this report, pXRF
data for surficial alluvium are a similar type (elemental
concentrations), are measured in the same units (mg/kg),
and scale differences between variables are not a concern.
Additionally, normalization artificially reduces variability
within data prior to analysis and may obscure real 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 enable interpretation
of data as they are collected without redoing the PCA.
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Geologic and Geochemical Data

In this section, pXRF data are presented for rocks,
surficial alluvium, and drill cuttings from wells in the study
area. Sequential-extraction data are compared with pXRF
data to evaluate element concentrations extractable from the
surfaces of mineral grains that are potentially available to
groundwater and element concentrations within unweathered
minerals that are less available to groundwater. Dissolved
oxygen, pH, and groundwater-age data are presented and
compared with selected trace-element concentrations in water
from wells in the study area. These comparisons were used
to evaluate geologic, hydrologic, and aqueous geochemical
controls on the potential mobility of arsenic, chromium,
uranium, and vanadium in groundwater.

Elemental Assemblages in Rocks

Rocks can be challenging to sample in a spatially
representative fashion (Webb and others, 1964) and were
not extensively sampled as part of this study; consequently,
pXRF rock data presented in this report likely do not represent
the entire range, variability, and spatial distribution of rock
compositions within the study area. However, selected rock
data (table 6) provide information on elemental concentrations
within selected geologic source terranes representing potential
natural sources of arsenic, chromium, uranium, and vanadium
contributing to surficial alluvium, aquifer materials, and
ultimately to groundwater in the study area.

Overall median arsenic, chromium, uranium, and
vanadium concentrations in rock measured in the study
area were 6.7, 69, <2.8, and 517 mg/kg (fig. 9; Groover and
Izbicki, 2018). Concentrations of arsenic, uranium, chromium,
and vanadium measured in rock were compared to the average
bulk continental crust concentrations of these elements
(Reimann and de Caritat, 1998). The concentrations of
chromium (185 mg/kg) and vanadium (230 mg/kg) in average
bulk continental crust are about two orders of magnitude
greater than the concentrations of arsenic (1.8 mg/kg) and
uranium (2.7 mg/kg) in the average bulk continental crust
(fig. 9; Reimann and de Caritat, 1998). Median concentrations
of arsenic and vanadium were higher in rock from the study
area than their average bulk continental crust concentrations,
and the median concentrations of chromium were lower than
the average bulk continental crust concentration. However, the
relative abundances of these four elements in rock in the study
area are consistent with their relative concentrations in the
average bulk continental crust (fig. 9).

Arsenic concentrations in 80 percent of rock samples
within the study area exceeded the average bulk continental
crust concentration for arsenic of 1.8 mg/kg (fig. 9; Reimann
and de Caritat, 1998). Arsenic concentrations as high as
1,400 mg/kg in hydrothermal rock (table 6) from Mount
General near Barstow, Calif., exceeded the TTLC for arsenic
of 500 mg/kg (California Code of Regulations, 2020).
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Figure 9. Estimated distribution functions (EDFs) for arsenic,
chromium, uranium, and vanadium concentrations in selected
samples of rock and surficial alluvium, western Mojave Desert,
southern California. Data are from Metzger and others (2015),
Groover and others (2019), and U.S. Geological Survey (2020).

Arsenic concentrations as high as 66 mg/kg were measured in
extrusive (volcanic) felsic rock (table 6; dacite, andesite, and
rhyolite) from Mount General, and elsewhere in the Baja and
Centro subareas.

Although the study area is regionally low in chromium
(Smith and others, 2014), chromium concentrations in
23 percent of rock samples exceeded the average bulk
continental crust concentration of 185 mg/kg (fig. 9;
Reimann and de Caritat, 1998). Chromium concentrations
were highest in samples from the Pelona Schist that has
eroded to contribute alluvium to the Oeste subarea (Sheep
Creek fan) of the regional aquifer. The highest chromium
concentrations, as high as 8,620 mg/kg, were in fuchsite
(chromium-bearing mica) within the greenschist facies of
the Pelona Schist (table 6). Chromium concentrations in
actinolite (a chromium-bearing amphibole) abundant within
the greenschist facies were as high as 4,010 mg/kg. Chromium
concentrations in some fuchsite and actinolite samples
exceeded the TTLC for chromium of 2,500 mg/kg (California
Code of Regulations, 2020). Some chromium concentrations
also were higher than the average bulk continental crust

crust, in milligrams per kilogram
(Reimann and de Caritat, 1998)
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concentration in intrusive mafic (hornblende diorite and
diorite) and extrusive mafic igneous rock (basalt) present
locally within the study area (fig. 9; table 6).

More than 75 percent of uranium concentrations in
rock samples were less than the instrument reporting level
of 2.8 mg/kg. However, uranium concentrations were as
high as 180 mg/kg in hydrothermal rock samples (table 6)
from Mount General near Barstow. Although not sampled
as part of this study, uranium concentrations reported for
felsic intrusive rock (granite) within the San Bernardino
Mountains are as high as 135 mg/kg (U.S. Geological
Survey, 2004). Uranium also was commonly detected within
the grayschist facies of the Pelona Schist. Uranium was not
detected in the sample of carbonate rock (limestone) from the
San Bernardino Mountains (table 6).

Vanadium was detected in all rock samples (table 6), and
concentrations in 75 percent of samples exceeded the average
bulk continental crust concentration of 230 mg/kg (fig. 9;
Reimann and de Caritat, 1998). Vanadium concentrations as
high as 2,800 mg/kg measured in hydrothermal rock from
Mount General near Barstow (Groover and Izbicki, 2018)
exceeded the TTLC of 2,400 mg/kg (California Code of
Regulations, 2020). Vanadium concentrations were as high
as 1,150 mg/kg in fuchsite (chromium-bearing mica) and
610 mg/kg in actinolite within the greenschist facies of the
Pelona Schist. Wright and Belitz (2010) previously identified
the Pelona Schist as a source of vanadium to the Victorville
fan. Vanadium concentrations were low and did not exceed
210 mg/kg in the sample of carbonate rock (limestone) within
the San Bernardino Mountains (table 6).

Elemental Assemblages in Surficial Alluvium

Rocks from upland areas erode to contribute alluvium
that composes unconsolidated aquifers within the study area.
Surficial alluvium was sampled to evaluate the concentrations
and distributions of arsenic, chromium, uranium, and
vanadium contributed from selected geologic source terranes.
PCA was used to identify elemental co-occurrence and
elemental assemblages characteristic of those geologic source
terranes. Characteristic elemental assemblages were verified
by comparison with pXRF data from rock samples, and then
compared with pXRF data from drill cuttings from selected
wells to evaluate changes in aquifer composition and source
material with depth.

Overall median arsenic, chromium, uranium, and
vanadium concentrations in surficial alluvium in the study
area were 3.5, 20, <2.8, and 371 mg/kg (fig. 9; Groover and
Izbicki, 2018). Concentrations of vanadium and arsenic were
generally higher than the average bulk continental crust
concentration, and chromium and uranium concentrations
were generally lower than the average bulk continental
crust concentrations (Reimann and de Caritat, 1998).



28 Arsenic, chromium, uranium, and vanadium in rock, alluvium, and GW, western Mojave Desert

However, the relative abundances of these elements in surficial
alluvium are consistent with their relative concentrations in
the average bulk continental crust. Median arsenic, chromium,
and uranium concentrations in surficial alluvium exceeded
their average bulk continental crustal concentrations in
92 percent, 2 percent, 7 percent, and 97 percent of sampled
sites, respectively (fig. 9). The median vanadium concentration
exceeded the average bulk continental crust concentration at
all sampled sites, but individual measurements at some sites
were lower. No samples of surficial alluvium exceeded TTLCs
(California Code of Regulations, 2020) for arsenic, chromium,
uranium, or vanadium.

National-scale maps of surficial soil (0- to 5-centimeter
[em] depth) prepared by Smith and others (2014) show
higher concentrations of vanadium and uranium and lower
concentrations of arsenic and chromium in the study area than
in many other areas in California (fig. 10). Soils have been
altered from geologic source materials, and concentrations
of these elements in soils often differ from concentrations in
rock and surficial alluvium within active stream channels. For
example, the average arsenic concentration in soils within
the continental United States of 5.2 mg/kg (Smith and others,
2014) is greater than the median concentration of 3.5 mg/kg in
surficial alluvium in the study area (fig. 9) and greater than the
average bulk continental crustal concentration of 1.8 mg/kg
(Reimann and de Caritat, 1998). High arsenic concentrations
occur in soils in part because of weathering, accumulation
of iron oxides within surface coatings on mineral grains,
and sorption of arsenic to iron oxides within those surface
coatings. As a consequence, concentrations of arsenic in
soils within the study area are regionally low (fig. 104),
even though arsenic concentrations in rock and surficial
alluvium were higher than the average bulk continental crust
concentration (fig. 9). Despite limitations associated with the
low sample-collection density associated with national-scale
mapping, surficial soil maps prepared by Smith and others
(2014) provide regional context to understand the spatial
distribution of arsenic, chromium, uranium, and vanadium in
the study area.

Arsenic concentrations in surficial alluvium within
the study area are regionally high compared to the average
bulk continental crust concentration of 1.8 mg/kg (fig. 9;
Reimann and de Caritat, 1998), although concentrations were
generally lower than in soils (0- to 5-cm depth) elsewhere
in California (fig. 104; Smith and others, 2014). Arsenic
concentrations in surficial alluvium overlying the regional
aquifer within the Mojave River area were significantly
higher than concentrations in surficial alluvium within the
Morongo area (fig. 114). Consistent with large-scale soil
maps (Smith and others, 2014), arsenic concentrations in
surficial alluvium generally are higher within the Centro
and Baja subareas of the Mojave River area (fig. 104). The
highest arsenic concentration in surficial alluvium, 78 mg/kg,
was in locally derived alluvium within the Baja subarea,
and 7 of 10 samples of locally derived alluvium within the
Centro and Baja subareas had concentrations greater than

10 mg/kg (fig. 104). Fine-textured material in the playa of
El Mirage (dry) Lake had arsenic concentrations as high as
15 mg/kg, and fine-textured playa deposits elsewhere in the
Mojave River area had arsenic concentrations as high as
10 mg/kg. Most arsenic concentrations in surficial alluvium
in the Morongo area were less than 5 mg/kg; the highest
arsenic concentrations in the Morongo area were as high as
6.9 mg/kg in playa deposits in the Twentynine Palms Valley
and Joshua Tree groundwater basins (basins 7-010 and 7-062,
respectively; fig 104; Groover and Izbicki, 2018). Arsenic
concentrations in surficial alluvium overlying the floodplain
aquifer along the Mojave River were significantly lower than
concentrations in surficial alluvium overlying the regional
aquifer in the Mojave River area and the Morongo area
(fig. 114). However, arsenic concentrations in the floodplain
aquifer were as high as 7.1 mg/kg in the Baja subarea as a
result of contributions of alluvium eroded from local geologic
source terranes, including extrusive felsic (volcanic) and
hydrothermal rocks (Groover and Izbicki, 2018). Arsenic
concentrations in surficial alluvium overlying the floodplain
aquifer did not exceed 3.2 mg/kg upstream from the Baja
subarea, although higher concentrations are present in surficial
alluvium overlying the surrounding regional aquifer (fig. 104).
Chromium concentrations in surficial alluvium
overlying the study area are regionally low compared
to the average bulk continental crustal concentration of
185 mg/kg (fig. 9) and low compared to soils elsewhere in
California (fig. 108). Chromium concentrations in surficial
alluvium overlying the regional aquifer within the Mojave
River area were not significantly different than concentrations
in surficial alluvium within the Morongo area (fig. 115).
However, consistent with soil maps (fig. 10B), 6 of the 8
highest chromium concentrations measured as part of this
study were in the Oeste subarea (Sheep Creek fan) within the
Mojave River area. Chromium concentrations were as high as
250 mg/kg in mafic surficial alluvium within the Sheep Creek
fan and concentrations were as high as 390 mg/kg in the
playa of El Mirage (dry) Lake at the distal end of the fan
(Groover and Izbicki, 2018). High chromium concentrations
in the Oeste subarea are from material eroded from the
mafic greenschist facies of the Pelona Schist (Izbicki and
others, 2008b; Groover and Izbicki, 2019). Pelona Schist
materials in the San Gabriel Mountains were transported
to the northwest as a result of geologic movement along
the San Andreas Fault over the past 3 to 5 million years
(Cox and others, 2003). Prior to this, chromium-containing
alluvium eroded from the Pelona Schist was deposited
in the Victorville fan and within older Mojave River
depositsthatextendas fartothenorthas BarstowandtonearHarper
(dry) Lake (Cox and others, 2003). Chromium concentrations
in older Mojave River deposits, including reworked
alluvium from the Victorville fan containing Pelona
Schist material, were as high as 87 mg/kg. Chromium
concentrations as high as 210 mg/kg were measured in
surficial alluvium eroded from mafic hornblende diorite
that crops out within Iron Mountain in the Centro subarea.
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Figure 10. Concentrations of A, arsenic; B, chromium; C, uranium; and D, vanadium for surficial soil in California and surficial alluvium
in the western Mojave Desert, southern California. Elemental concentration data are from Groover and Izbicki (2018).
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In the Morongo area, most chromium concentrations

in surficial alluvium greater than 50 mg/kg (fig. 10B)

were in the Joshua Tree groundwater basin (basin 7-062;

fig. 24), although chromium concentrations were as high

as 110 mg/kg (fig.10B) in the northern part of the Lucerne
Valley groundwater basin (basin 7-019; fig. 24) within the
Este subarea. Chromium concentrations in surficial alluvium
overlying the floodplain aquifer along the active channel of
the Mojave River in the Mojave River area were significantly
lower than concentrations in the regional aquifer and the
Morongo area (fig. 11B) and did not exceed 19 mg/kg, with
about one-half of the concentrations less than 6 mg/kg. Unlike
arsenic, there was no pattern in the distribution of high or low
chromium concentrations in surficial alluvium along the length
of the floodplain aquifer (Groover and Izbicki, 2018), and
contributions of alluvium eroded from local geologic source
terranes within the Centro and Baja subareas in the Mojave
River area were not large enough to alter the chromium
concentrations in surficial alluvium along the active channel
of the Mojave River in the Mojave River area (Groover and
Izbicki, 2018).

Uranium concentrations in 92 percent of surficial
alluvium samples overlying the study area were lower than
the SRL of 2.8 mg/kg (fig. 9). Although spatially variable,
some uranium concentrations in surficial alluvium within
the study area are regionally high with respect to California
soils (Smith and others, 2014), especially within the
southern part of the Morongo area along the front of the
San Bernardino Mountains (fig. 10C). The low frequency of
detection for uranium in surficial alluvium resulted in median
concentrations less than the SRL of 2.8 mg/kg for sites within
the Morongo area and the floodplain aquifer within the Mojave
River area. In contrast, 18 percent of sites in the regional
aquifer within the Mojave River area had median uranium
concentrations greater than 2.8 mg/kg, and 3 of the 10 highest
concentrations in the study area were in alluvium eroded from
Mount General in the Centro subarea of the Mojave River
area (fig. 10C). As a result of the low frequency of detection,
all measurements, rather than the median concentration at a
site, were used to construct EDFs for uranium (fig. 11C). The
highest uranium concentration of 13 mg/kg was in calcareous,
older Mojave River deposits within the regional aquifer in the
Centro subarea of the Mojave River area. The median value
at this site was less than 2.8 mg/kg, indicating that uranium is
poorly distributed within the sample. Dense uranium-bearing
minerals may be concentrated in coarser-textured material
by physical separation in flowing water and are commonly
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not uniformly distributed within alluvial deposits, making
uranium difficult to measure in these materials (Pettijohn,
1941; Pettijohn and others, 1987; Deer and others, 1992;
Morton and Hallsworth, 1999; Hughes and others, 2000).

Six of the ten highest values for uranium in samples within
the regional aquifer were in the Baja or Centro subareas of
the Mojave River area. The highest value in the Morongo
area was 4.2 mg/kg (fig. 11C) in granitic alluvium within the
Joshua Tree groundwater basin (basin 7-062; fig. 24; table 1).
Although uranium concentrations in surficial alluvium were
greater within the regional aquifer and lower within the
floodplain aquifer, these differences were not statistically
significant (fig. 11C). Uranium concentrations overlying the
floodplain aquifer generally were less than the LRL along the
length of the Mojave River and did not differ with changes in
geology along the river.

Vanadium concentrations in surficial alluvium within the
study area are regionally high compared to the average bulk
continental crust concentration of 230 mg/kg (fig. 9; Reimann
and de Caritat, 1998), and concentrations are within the
range of the high concentrations present in many California
soils (fig. 10D; Smith and others, 2014). The highest
vanadium concentration in surficial alluvium, 1,240 mg/kg,
was in alluvium eroded from Mount General in the Centro
subarea of the Mojave River area, and 8 of the 10 highest
concentrations were in the Centro or Baja subareas of the
regional aquifer. The highest vanadium concentration in the
Morongo area, 610 mg/kg, was in surficial alluvium eroded
from mafic rock in the Joshua Tree groundwater basin (basin
7-062; fig. 24; table 1). However, vanadium concentrations
were not statistically different in surficial alluvium overlying
the regional aquifer within the study area from the overall
distribution of concentrations (fig. 11D). Vanadium
concentrations were lower in surficial alluvium overlying
the floodplain aquifer than overall concentrations, but this
difference was not statistically significant (fig. 11D). Similar
to arsenic, vanadium concentrations in surficial alluvium
overlying the floodplain aquifer in the Baja subarea (Mojave
Valley) were higher than concentrations along upstream
reaches of the Mojave River as a result of contributions
of alluvium eroded from local geologic source terranes.
Vanadium concentrations in surficial alluvium that overlie
the floodplain aquifer within the Baja subarea were as high as
540 mg/kg and did not exceed 360 mg/kg in the Mojave River
area upstream from the Baja subarea (fig. 10D; Groover and
Izbicki, 2018).
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Elemental Co-occurrence and Assemblages in
Surficial Alluvium

Arsenic, chromium, uranium, and vanadium often
co-occur in surficial alluvium. Co-occurrence of arsenic,
chromium, uranium, and vanadium with other elements in
surficial alluvium in the study area was evaluated on the
basis of the first and second PCA eigenvectors (table 7)
and Kendall’s tau (B) correlation coefficients (fig. 12). With
the exception of chromium and uranium, Kendall’s tau (f3)
correlation coefficient between each of these 4 element pairs
were statistically significant, although commonly small in
magnitude (fig. 12). The largest magnitude Kendall’s tau (j3)
correlation coefficients for these element pairs were between
arsenic and chromium [tau (B)=0.43], and chromium and
vanadium [tau ()=0.40].

Arsenic in surficial alluvium was not correlated with the
felsic elements potassium or rubidium, but was positively
correlated with six mafic elements—chromium, copper,
iron, manganese, nickel, and titanium (fig. 124). Arsenic
was most strongly correlated with copper, with a correlation
coefficient of tau (B)=0.50; correlation coefficients with the
other mafic elements ranged from 0.20 to 0.43 (fig. 124).
Although positively correlated with mafic elements, arsenic
concentrations in mafic alluvium eroded from the Pelona
Schist within the Oeste subarea (Sheep Creek fan) of the
Mojave River area ranged from 2.9 to 4.4 mg/kg and were
lower than surficial alluvium in most other areas (fig. 104).
However, arsenic concentrations in fine-textured playa
deposits, where many trace elements accumulate, were
commonly greater than 10 mg/kg—with concentrations in
El Mirage (dry) Lake as high as 15 mg/kg (fig. 104).

Chromium in surficial alluvium was negatively correlated
with the felsic elements potassium and rubidium and
positively correlated with the six mafic elements (fig. 12B). As
previously stated, chromium concentrations in felsic surficial
alluvium along the active channel of the Mojave River were
significantly lower than concentrations in surficial alluvium
overlying the regional aquifer and overlying the Morongo
area and did not exceed 19 mg/kg (fig. 115). Kendall’s tau ()
correlation coefficients for chromium concentrations with iron,
titanium, copper, manganese, and zinc ranged from 0.71 to
0.58 and were the strongest positive correlation coefficients
calculated for elements measured as part of this study
(fig. 12B). These elements co-occur at high concentrations
in mafic alluvium (Groover and Izbicki, 2018), especially
alluvium within the Oeste subarea (Sheep Creek fan) of the
Mojave River area where chromium concentrations in surficial
alluvium were as high as 250 mg/kg (fig. 10B). In contrast,
chromium concentrations in the Victorville fan within the Alto
subarea of the Mojave River area, which contains alluvium
eroded from the Pelona Schist, were lower than concentrations
within the Sheep Creek fan, ranging from 7.2 to 77 mg/kg
(fig. 10B). While chromium and nickel commonly co-occur
in rock (Reimann and de Caritat, 1998), in surficial alluvium
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they had a positive tau (B) correlation coefficient of only
0.40, which is lower than the correlation for the other mafic
elements.

Uranium in surficial alluvium was negatively correlated
with calcium and strontium and had only weak positive
correlation coefficients [tau (8)<0.3] with other elements
sampled (fig. 12C). Although uranium concentrations as high
as 13 mg/kg were measured in calcareous older Mojave River
alluvium, uranium concentrations measured in carbonate
rock (limestone) were commonly less than the SRL of
2.8 mg/kg (table 6). Uranium was significantly correlated
with zirconium [tau ($)=0.18], and with the felsic elements
rubidium and potassium [tau ($)=0.18 and 0.17, respectively],
possibly reflecting uranium occurrence within zircon in felsic
granitic rock within the San Bernardino Mountains, or within
extrusive felsic rocks with uranium concentrations as high
as 55 mg/kg in volcanic tuff (Groover and Izbicki, 2018).
Uranium was the only anion-forming element included in this
study that was positively correlated with the felsic elements
potassium and rubidium. The absence of strong correlations
between uranium and most other elements likely resulted
from the low frequency of detection of uranium in surficial
alluvium (table 6).

Vanadium in surficial alluvium was positively correlated
with most other elements sampled, except lead and rubidium
(fig. 12D); tau (B) correlation coefficients between vanadium
and the six mafic elements ranged from 0.27 for nickel
to 0.4 for chromium. Although the highest vanadium
concentrations were in surficial alluvium eroded from
extrusive (volcanic) felsic rock overlying the Baja and Centro
subareas, vanadium concentrations in surficial alluvium
within the Oeste subarea (Sheep Creek fan) were as high as
490 mg/kg. Vanadium concentrations in surficial alluvium
overlying the Victorville fan, which contains mafic material
eroded from the Pelona Schist, were similar to concentrations
within the Sheep Creek fan with values as high as 460 mg/kg
(fig. 10D). The large number of positive correlations, and the
lack of negative correlations, with other elements (fig. 12D)
may result from the relatively high regional abundance
of vanadium in the study area (fig. 10D), indicating that
vanadium concentrations increase as concentrations of
most other elements increase.

Elemental assemblages representative of selected
geologic source terranes within the study area were
evaluated on the basis of first and second PCA scores
(fig. 13). The first principal component is dominated by
positive eigenvector values for the mafic elements iron,
copper, chromium, titanium, manganese, and nickel, and
by negative eigenvector values for the felsic elements
potassium and rubidium (table 7). The second principal
component is dominated by positive eigenvector values for
the felsic elements potassium and rubidium, and by negative
eigenvector values for the mafic elements chromium,
titanium, iron, and manganese (table 7). Together, the
first and second principal components explain 45 percent
ofthevariabilityintheelemental compositionofsurficialalluvium.
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The first and second principal components explain
44 percent of the total variability in the data.
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Sr, strontium
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Figure 12. Graphs showing first and second principal component eigenvector values and Kendall’s tau () coefficients for
correlations of A, arsenic; B, chromium; C, uranium; and D, vanadium with selected trace elements in surficial alluvium measured
by portable (handheld) X-ray fluorescence (pXRF), western Mojave Desert, southern California. Statistics were calculated from
data in Groover and Izbicki (2018).
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Figure 13.

Arsenic, chromium, uranium, and vanadium in rock, alluvium, and GW, western Mojave Desert
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(volcanic) terrane

Playa lake deposits

Other source terranes (includes surficial alluvium eroded
from carbonate, sedimentary, or undifferentiated
terranes having multiple source rocks)

Abbreviations

Cr, chromium Mn, manganese

Fe,iron N, number of samples

K, potassium Rb, rubidium
EXPLANATION

Geologic source terrane
Surficial alluvium eroded from felsic terrane

Surficial alluvium eroded from mafic terrane
Playa lake deposits

Other source terranes (includes surficial alluvium eroded
from carbonate, sedimentary, or undifferentiated
terranes having multiple source rocks)

Abbreviations

Cr, chromium Mn, manganese
Fe,iron N, number of samples
K, potassium Rb, rubidium

First and second principal component scores for surficial alluvium eroded from selected geologic source terranes in

A, the Mojave River area; and B, Morongo area, western Mojave Desert, southern California. Statistics were calculated from data in
Groover and lzbicki (2018).



The third principal component (not shown on fig. 13) is
composed of positive eigenvector values for rubidium and
potassium with smaller magnitude positive eigenvector values
for uranium, vanadium, and lead associated with extrusive
felsic and hydrothermal terranes (table 7; Groover and Izbicki,
2019). The third principal component explains an additional
12 percent of the variability in the elemental composition of
surficial alluvium. The first and second principal component
scores for surficial alluvium within the Mojave River area
have greater variability compared to the Morongo area as a
result of alluvium eroded from extrusive felsic source terrane
within the Centro and Baja subareas of the Mojave River
area (fig. 13).

Mojave River alluvium that composes the floodplain
aquifer has a comparatively uniform, felsic composition
characterized by slightly negative first principal component
scores and near-zero second principal component scores
(fig. 134). Higher second principal component scores (values
greater than about 2) for three samples of Mojave River
alluvium were associated with gravel deposits, rather than the
more common sand- or coarse sand-textured material. Older
Mojave River deposits (including alluvium reworked from
older Mojave River deposits), deposited at a time when the
Mojave River drainage was physically connected to mafic
rocks in the San Gabriel Mountains, has less negative first
principal component scores than present-day alluvium, with
some samples having strongly mafic compositions (fig. 134).
Samples of older Mojave River alluvium having positive first
and second principal component scores were collected near
Harper (dry) Lake (fig. 3) close to the easternmost extent of
the deposit and may contain some locally derived extrusive
(volcanic) felsic material. Within the Morongo area (fig. 13B),
first and second principal component scores for surficial
alluvium eroded from felsic terrane within the San Bernardino
Mountains were similar to Mojave River surficial alluvium
and were characterized by slightly negative first principal
component scores (values to about —3.5) and near-zero or
positive second principal component scores (values up to
about 3.5; fig. 13B).

Surficial alluvium eroded from mafic terrane in the
San Gabriel Mountains that composes the Oeste subarea
(Sheep Creek fan) of the Mojave River area was characterized
by positive first principal component scores consistent with
higher concentrations of mafic elements, and by negative
second principal component scores consistent with lower
concentrations of felsic elements (fig. 134). Mafic surficial
alluvium also was present in alluviated stream channels
draining hornblende diorite that crops out on Iron Mountain
within the Centro subarea (figs. 3, 10). Surficial alluvium
eroded from mafic terrane in the study area had first
principal component scores of similar magnitude, although
second principal component scores for samples within the
Morongo area generally were less negative and indicative
of higher concentrations of felsic elements within these
materials (fig. 13).
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Surficial alluvium eroded from extrusive (volcanic)
felsic terrane in the Baja and Centro subareas (fig. 134) of
the Mojave River area is characterized by positive first and
second principal component scores indicative of higher
concentrations of a wide range of elements, including arsenic
and vanadium (fig. 134). Uranium also was measured in these
samples at concentrations as high as 6 mg/kg (Groover and
Izbicki, 2018), but was only detected in 20 percent of samples.
Chromium concentrations did not exceed 23 mg/kg in surficial
alluvium eroded from extrusive (volcanic) felsic terrane
(Groover and Izbicki, 2018).

Although predominately mafic in character, different
playa lake deposits in the Mojave Desert can vary widely in
their elemental compositions, ranging from felsic to mafic
depending upon the source area contributing material to the
playa (Rosen and others, 2020). Arsenic concentrations in
fine-textured playa lake deposits ranged from 6.5 to 15 mg/kg
(Groover and Izbicki, 2018). Chromium and vanadium
concentrations range from 22 to 490 mg/kg and 320 to
620 mg/kg, respectively, in playa deposits eroded from mafic
source material. Regionally, uranium in playa deposits was
not commonly detected at concentrations above the SRL of
2.8 mg/kg; however, uranium concentrations were as high
as 4.2 mg/kg (fig. 10C) in calcareous felsic playa deposits
sourced from the Mojave River within the Hinkley Valley of
the Middle Mojave River Valley groundwater basin (basin
6-041; fig. 24; table 1).

Surficial alluvium eroded from felsic terrane (including
recent and older Mojave River alluvium), mafic terrane,
and extrusive (volcanic) felsic terrane have identifiable
trace element assemblages. Surficial alluvium eroded
from carbonate and sedimentary terranes within the study
area did not have uniquely identifiable trace-element
assemblages (fig. 13).

Comparison with Rock Data

Characteristic assemblages from selected source terranes
were compared with rock data (fig. 14). PCA is sensitive to
the magnitude of data, and pXRF data from rock samples
may have higher concentrations of some trace elements
than surficial alluvium. Consequently, pXRF data from rock
samples were not used in the PCA; instead, eigenvectors
calculated from the PCA of surficial alluvium were used to
calculate scores for rock samples (eq. 3). These calculated
scores were compared with PCA scores for surficial alluvium
to verify that pXRF data from surficial alluvium are
representative of selected geologic source terranes.

Calculated first and second principal component scores
for rock samples have a similar distribution as scores for
surficial alluvium samples (fig. 14). Most samples have a
felsic elemental composition.
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Figure 14.

Principal component scores for rock and surficial alluvium samples within the western Mojave Desert, southern

California. Statistics were calculated from data in Groover and Izbicki (2018).

Intrusive felsic rock from the San Bernardino Mountains
(fig. 14) has similar magnitude PCA scores as felsic surficial
alluvium from the floodplain aquifer within the Mojave
River area (fig. 134) and felsic alluvium within the Morongo
area (fig. 13B). Most extrusive felsic volcanic rock in the
Baja and Centro subareas of the Mojave River area has PCA
scores similar to the elemental composition of locally derived
alluvium in this area, although some silica-rich rhyolite within
the Baja subarea does not have the characteristic extrusive
felsic rock assemblage.

In contrast to first and second principal component scores
for intrusive and extrusive felsic rock, corresponding scores
for mafic rock are larger in magnitude than scores for surficial
alluvium eroded from those rocks, with the largest magnitude
scores for rock samples from fuchsite (chromium-bearing
mica) within the Pelona Schist (fig. 14). Mafic rock samples
within the southern part of the Morongo area near the Joshua
Tree groundwater basin (basin 6-062; fig. 24), including
granite and metamorphosed gneiss, have less negative to
positive second principal component scores and elemental
assemblages distinct from the Pelona Schist (fig. 14). In
contrast, the elemental assemblage of basalt within the Centro

and Baja subareas of the Mojave River area and the Pipes
Wash drainage within the Ames Valley groundwater basin
(Basin 07-062, fig. 24) of the Morongo area (not differentiated
on fig. 14) are similar to the elemental assemblage within

the Pelona Schist, although PCA scores are smaller in
magnitude (fig. 14).

Elemental Assemblages of Deposits Penetrated
by Selected Wells

Eigenvectors from the PCA of pXRF elemental data for
samples from surficial alluvium (Groover and Izbicki, 2019)
were used to calculate principal component scores using
pXRF data for samples of drill cuttings from 25 wells in the
study area (fig. 15). The range and distribution of calculated
PCA scores for drill cuttings was similar to the range in scores
for surficial alluvium within the Mojave River area (fig. 13)
and the PCA scores for drill cuttings were used to characterize
the geologic provenance of source materials. Drill cuttings
from only four wells within the Morongo area had pXRF
measurements; therefore, these data do not fully characterize
aquifer deposits in the Morongo area.
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EXPLANATION

Drill cuttings from wells—selected wells identified
by state well number and local name

4N/4W-1C2-5 (JR-1)

8N/4W-20Q7-11 (Helendale-2)—rhyolite bedrock 310 to 470 feet
below land surface datum

9IN/1W-11K12-15 (MC-4)

6N/7W-27B5-7 (EM-1)—Some data from well 6N/7W-27B5-7 off
scale and are not shown. Data for drill cutting data from well
6N/7W-27B8 (EM-1 ODEX) not shown.

Other wells upslope from distal fan margin within the Oeste
subarea (Sheep Creek fan)

All other Mojave River area wells

Extrusive (volcanic) felsic and mafic trend lines from figure 13.

Abbreviations

Cr, chromium K, potassium
Fe,iron Rb, rubidium
Mn, manganese

EXPLANATION

Drill cuttings from selected wells—identified
by state well number and local name

O 1N/7E-21H1 (JBWD-16)

© All other Morongo area wells (includes
well sites 1N/7E-20P2 (JBWD-15), 2N/7E-10D1
(SSR-1), and 2N/7E-11R3 (SSF-1)

Extrusive (volcanic) felsic and mafic trend lines from figure 13.

Abbreviations
Cr, chromium K, potassium
Fe,iron Rb, rubidium
Mn, manganese

Figure 15. First and second principal component scores for samples of drill cuttings from selected wells in A, the Mojave River
area; and B, the Morongo area, western Mojave Desert, southern California. Statistics were calculated from data in Groover and

Izbicki (2018).
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Floodplain Aquifer

The thickness and extent of the floodplain aquifer along
the Mojave River was mapped by Stamos and others (2001).
In many areas, recent deposits that compose the floodplain
aquifer are similar to the surrounding and underlying older
Mojave River deposits (Cox and others, 2003), and these
deposits can be difficult to distinguish. Analyses of pXRF data
using PCA were used to distinguish recent and older Mojave
River deposits and reconstruct the depositional history of the
floodplain aquifer with respect to contributions from various
geologic source terranes along the length of the river from the
San Bernardino Mountains to Afton Canyon (fig. 3).

Highly felsic materials within the floodplain aquifer
represent more recent deposition by the Mojave River after
movement of the San Gabriel Mountains to the northwest
along the San Andreas Fault (fig. 3). The most highly felsic
materials are the most recent deposits from the river after
the San Gabriel Mountains were no longer drained by the
Mojave River. However, some mafic materials may have
been contributed by Fremont Wash, which connected
the San Gabriel Mountains to the Mojave River prior to
encroachment of the Sheep Creek fan and development of the
topographically closed El Mirage (dry) Lake about 8,000 years
ago (fig. 24; Miller and Bedford, 2000). Additionally, some
mafic materials present within the floodplain aquifer may
represent contributions from the reworking of older Mojave
River deposits. Older Mojave River deposits containing mafic
material eroded from the San Gabriel Mountains extend into
the Mojave Desert as far as Barstow and Harper (dry) Lake
(Cox and others, 2003).

First principal component scores more negative than
—2.5 for drill cuttings from multiple-well monitoring site
4N/4W-1C2-5 (site 1C2-5, fig. 5; local name Jess Ranch;
Huff and others, 2002, Groover and Izbicki, 2018) within the
floodplain aquifer upstream from Victorville, indicate highly
felsic alluvium to a depth of about 100 ft below land surface
(bls; fig. 16). Chromium concentrations in this highly felsic
alluvium ranged from 10 to 13 mg/kg and were only slightly
higher than present-day concentrations in the active channel
of the Mojave River of about 7 mg/kg (Groover and Izbicki,
2019). The highly felsic alluvium corresponded to higher
resistivities on geophysical logs collected at the time the
wells were drilled (fig. 16; Huff and others, 2002). Although
alluvium remains generally felsic throughout the entire depth
penetrated by wells at the site, first principal component
scores generally shift to less negative values with depth
(fig. 16). Chromium concentrations in deeper deposits below
100 ft bls at multiple well site 4N/4W-1C2-5 routinely exceed
30 mg/kg, consistent with greater contributions of mafic
alluvium eroded from the Pelona Schist within the San Gabriel
Mountains in the geologic past (fig. 16; Groover and Izbicki,
2019). Similar to chromium, arsenic concentrations were low,
generally less than the SRL of 1.3 mg/kg, in unconsolidated
deposits penetrated at the site to a depth of about 290 ft bls;
arsenic concentrations increased to as high as 2.8 mg/kg

at greater depths (fig. 16). Several different informal units
were identified on the basis of pXRF data for samples within
deeper deposits penetrated by at multiple well monitoring site
4N-4W-1C2-5 (fig. 16). Changes between these units were
largely gradational and represent incremental changes in the
source of alluvium during deposition as a result of regional
geologic changes (Groover and Izbicki, 2019).

Highly felsic alluvium also was documented at other
multiple well sites along the Mojave River within the Alto
subarea (fig. 5). The base of these deposits appears to slope
more gently than the present-day land surface along the length
of the floodplain aquifer toward the Upper Narrows near
Victorville (fig. 5). Although water levels have declined in the
floodplain aquifer as a result of groundwater pumping, some
of this highly felsic alluvium within the Alto subarea of the
Mojave River area remained saturated in 2016 (fig. 5).

Downstream from the Lower Narrows within the
Transition Zone, highly felsic alluvium is present as only
a thin veneer, approximately 30-ft thick, at multiple-well
monitoring site 8N/4W-20Q7-11 (site 20Q7-11, fig. 5;
local name Helendale-2, Huff and others, 2002, Groover
and Izbicki, 2018). Less felsic alluvium consistent with
older Mojave River deposits is present upgradient from
the Helendale-South Lockhart fault zone and in the Centro
subarea of the Mojave River area to depths as great as
270 ft bls. Rhyolite bedrock penetrated at depths below
310 ft bls at site 20Q7—11 has highly positive first and second
principal component scores consistent with the elemental
assemblage of extrusive (volcanic) felsic rock (fig. 154).
Uranium was detected in 29 of 34 samples of drill cuttings
at concentrations as high as 6 mg/kg within rhyolite bedrock
penetrated by wells 20Q7—11 (Groover and Izbicki, 2018).

Farther downstream from multiple well site
8N/4W-20Q7-11 within the Centro subarea, highly
felsic alluvium is present to a depth of 65 ft bls at
wells ON/3W-11M4-6 (site 11M4-6; fig. 5; local name
BG-0004, Groover and Izbicki, 2018) upgradient from the
Lenwood-Lockhart fault zone; thickness increases to almost
200 ft downgradient from the Lenwood-Lockhart fault zone at
well ON/3W-1G2-3 (site 1G2-3, fig. 5; local name BG-0006,
Groover and Izbicki, 2018). Increased thickness of highly
felsic alluvium downgradient from the Lenwood-Lockhart
fault zone is related to lateral movement along the fault
(Haddon and others, 2018; Miller and others, 2018, 2020).

Drill cuttings from multiple-well monitoring site
ON/IW-11K12-15 (site 11K12-15, fig. 5; local name
MC-4, Huff and others, 2002, Groover and Izbicki,

2018) near the boundary between the Centro and Baja
subareas of the Mojave River area (figs. 24, 5) show
highly felsic alluvium as deep as 200 ft bls that had first
principal component scores ranging from —2.5 to —3.0
(fig. 17). Similar to upstream sites (4N/4W-1C2-5 and
8N/4W-20Q7-11), these highly felsic deposits correspond
to higher resistivities on geophysical logs collected at

the time the wells were drilled (Huff and others, 2002).
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Figure 16. Electrical resistivity logs, arsenic and chromium concentrations, and first principal component scores for drill cuttings, and
well construction and water chemistry data from multiple-well monitoring site 4N/4W-1C2-5 (JR-1), Mojave River area, western Mojave
Desert, southern California. Well construction data are from Huff and others (2002); geophysical log data are from U.S. Geological
Survey (2020); water chemistry data are from U.S. Geological Survey (2018); and statistics were calculated from data in Groover and

Izbicki (2018).

Older Mojave River alluvium was not encountered at site
ON/1W-11K12-15, and drill cuttings from depths below

200 ft showed that partly consolidated rock had an elemental
assemblage that corresponded to material eroded from nearby
extrusive (volcanic) felsic terrane (fig. 154). Similar scores
were calculated from pXRF data for drill cuttings from depths
below the floodplain aquifer at other wells sites near the
boundary of the Centro and Baja subareas (fig. 5). The Mojave
River eroded through local alluvial fan deposits in this area

to reach the Baja subarea about 500,000 years ago creating
Lake Manix (not shown; Reheis and others, 2012) within the

present-day Mojave Valley. Material composing the floodplain
aquifer upstream from the Baja subarea represents erosion and
subsequent deposition of highly felsic alluvium after that time.
In the upper 200 ft at site IN/1W-11K12—15, chromium
concentrations ranged from 10 to 19 mg/kg, whereas arsenic
concentrations ranged from less than the SRL of 1.3 to
3.6 mg/kg (fig. 17). Although chromium concentrations at site
ON/1W-11K12—-15 are consistent with highly felsic alluvium
penetrated by wells completed within the floodplain aquifer
in upstream reaches of the Mojave River (fig. 5), arsenic
concentrations indicate contributions from local geologic
source terranes along the river (Groover and Izbicki, 2019).
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Electrical resistivity logs, arsenic and chromium concentrations, and first principal component scores for drill cuttings,

and well construction and water chemistry data from multiple-well monitoring site 9N/1W-11K12-15 (MC-4), Mojave River area,
western Mojave Desert, southern California. Well construction data are from Huff and others (2002); geophysical log data are from
U.S. Geological Survey (2020); water chemistry data are from U.S. Geological Survey (2018); and statistics were calculated from data in

Groover and Izbicki (2018).

Older Mojave River deposits are not present downstream
from Barstow (Cox and others, 2003), and the elemental
composition of material changes abruptly at 200 ft bls, with
chromium concentrations in partly consolidated rock below
200 ft bls as high as 60 mg/kg, and arsenic concentrations
as high as 27 mg/kg (fig. 17). First and second principal
component scores were increasingly positive with increasing
depth to 300 ft bls and remained relatively consistent from
300 ft to 600 ft bls (fig. 17). Principal component scores of
materials below 300 ft are consistent with materials eroded
from extrusive felsic source terrane (fig. 154).

The Mojave River deposited a thick wedge of
alluvium in the upstream portion of the Mojave Valley
within the Baja subarea (fig. 5; Reheis and others, 2012).
Although not measured as part of this study, drill cuttings

are available from USGS-drilled monitoring wells in

this area (Huff and others, 2002) that could be used to
determine the thickness of highly felsic alluvium within

the upstream portion of the Mojave Valley. Highly felsic
alluvium becomes less prevalent farther downstream within
the Mojave Valley as lacustrine deposits become more
prevalent at depth (Huff and others, 2002). At multiple-well
monitoring site 9N/2E-3K5-9 (site 3K5-9, fig. 5; local
name Calico West, Huff and others, 2002 and Groover and
Izbicki, 2018), highly felsic alluvium is only a thin veneer
less than 30 ft thick (fig. 5). In many parts of the floodplain
aquifer within Mojave Valley in the Baja subarea, highly
felsic alluvium representing the most recent deposition from
the Mojave River is above the present-day (2016) water
table (fig. 5).

groundwater

groundwater



The combination of existing lithologic and geophysical
data (Huff and others, 2002), and the elemental composition
of drill cuttings from selected wells (Groover and Izbicki,
2018), can be used to identify depositional sequences within
Mojave River deposits that compose the floodplain aquifer,
older Mojave River deposits, lacustrine deposits, and locally
derived material from different sources along the floodplain
aquifer that extends the length of the Mojave River (fig. 5).
The depositional history of the floodplain aquifer is poorly
understood, and the thickness of the floodplain aquifer has
not been previously mapped throughout its complete length
along the Mojave River. Highly felsic alluvium representing
the most recent deposition along the Mojave River varies
in thickness along much of the river, from more than 100 ft
in the Alto subarea upstream from the Upper Narrows near
Victorville to a thin veneer (commonly about 30 ft thick)
through the Transition Zone, with deposits as much as 200 ft
thick downstream from the Lenwood-Lockhart fault zone
and near Barstow in the Centro subarea, to a thin veneer in
downstream reaches in the Baja subarea (Mojave Valley;
fig. 5). In some groundwater-management subareas, highly
felsic alluvial representing the most recent deposits from the
Mojave River are largely above the present-day (2016) water
table, and many production wells within the floodplain aquifer
appear to be yielding water from underlying deposits (fig. 5).

Oeste (Sheep Creek Fan)
Groundwater-Management Subarea

In contrast to alluvium composing the floodplain aquifer
along the Mojave River, alluvium penetrated by multiple-well
monitoring site 6N/7W-27B5—7 (local name EM-1, Groover
and Izbicki, 2018) within the Oeste subarea (Sheep Creek fan)
is highly mafic (fig. 18). Well 6N/7W-27B8 (local name EM-1
ODEX, Groover and Izbicki, 2018), 20 ft east of multiple
well site 6N/7W-27B5—7, was drilled using Overburden
Drilling Exploration (ODEX) that does not use mud as a
drilling fluid (Hammermeister and others, 1986; Izbicki and
others, 2000). In contrast to mud-rotary drill cuttings from site
6N/7W-27B5-7 that aggregated aquifer materials over depth
intervals commonly as large as 20 ft, ODEX drill cuttings
from well 6N/7W-27B8 were more discrete samples that
aggregated aquifer material over 1-ft depth intervals; about
half the ODEX cuttings from well 6N/7W-27B8 (representing
a 1-ft aggregated sample for every 2 ft of borehole) were
analyzed by pXRF to a depth of about 110 ft bls (fig. 18;
Groover and Izbicki, 2018). pXRF data from the mud-rotary
and ODEX sites over this depth are generally comparable,
suggesting that drilling mud does not greatly affect elemental
concentrations measured by pXRF.

Silt-textured alluvium, eroded from the mafic Pelona
Schist in the San Gabriel Mountains, was present to a depth of
about 270 ft at multiple-well monitoring site 6N/7W-27B5—7
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(fig. 18). Chromium concentrations in mafic deposits at this
site were as high as 167 mg/kg, with arsenic concentrations
as high as 8 mg/kg (fig. 18). These materials have positive
first principal component scores as high as 10, consistent
with their mafic composition (fig. 18). Wells 6N/7W-27B5—7
and 6N/7W-27B8 are located within the distal portion of

the Sheep Creek fan near EI Mirage (dry) Lake (fig. 3). The
distal portion of the fan is finer textured than portions of the
fan farther upslope. Arsenic concentrations at this site may
result from the fine texture or from playa deposits interbedded
within alluvium penetrated by the wells. Shallower alluvium
(less than 270 ft bls) is more mafic and had higher chromium
concentrations with more positive first principal component
scores than deeper alluvium (more than 270 ft bls; fig. 18).

Deeper alluvium below 270 ft penetrated at site
6N/7W-27B5-7 had greater resistivity on geophysical
logs collected at the time the wells were drilled (fig. 18);
these deposits are known locally as the “deep aquifer.”
Alluvium composing the deep aquifer was eroded from
local granitic rocks to the north that have a more felsic
composition than the overlying Sheep Creek fan. The deeper
alluvium has arsenic and chromium concentrations as low
as 1.6 and 8 mg/kg, respectively, and had slightly negative
first principal component scores consistent with a felsic
composition (fig. 18).

Alluvium penetrated by wells farther upslope on the
Sheep Creek fan is less mafic than surficial alluvium along
distal portions of the fan (Groover and Izbicki, 2018; fig. 15),
consistent with their upslope location on the fan. Given their
upslope location, these wells did not penetrate playa deposits
near El Mirage (dry) Lake at the distal end of the fan.

The western margin of the Sheep Creek fan has been
proposed for groundwater recharge by infiltration of imported
water from northern California from ponds. Alluvium eroded
from the Pelona Schist has a silty texture and low permeability
that may impede the downward movement of infiltrating
water (Winfield and others, 2006; Izbicki and others, 2007);
high chromium concentrations within these materials (Izbicki
and others, 2008b) also may adversely affect the chemistry
of infiltrating water. As a result of the gradual movement
of the San Gabriel Mountains and the Pelona Schist source
area west along the San Andreas Fault (Groover and Izbicki,
2018), thinner deposits of silty chromium-containing mafic
alluvium would likely be present along the western margin
of the present-day Sheep Creek fan; thicker deposits of mafic
alluvium would likely be present at increasingly greater depths
eastward of the Sheep Creek fan and within the Victorville
fan. A site overlying thinner deposits of fine textured alluvium
eroded from the Pelona Schist would likely be more suitable
for groundwater recharge than a site overlying thicker deposits
of this material.
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Electrical resistivity logs, arsenic and chromium concentrations, and first principal component scores for drill cuttings,

and well construction and water chemistry data from multiple-well monitoring site 6N/7W-27B5-7, and adjacent ODEX monitoring well
27B8, Mojave River area, western Mojave Desert, southern California. Geophysical log data are from U.S. Geological Survey (2020); well
construction and water chemistry data are from U.S. Geological Survey (2018); and statistics were calculated from data in Groover and

Izbicki (2018).

Morongo Area

Drill cuttings from two well sites in the Deadman
Valley (2N/7E-10D1 and 2N/7E-11R3; local names SSR-1
and SSF-1, Groover and Izbicki, 2018; basin 7-013) and
two wells in the Joshua Tree (IN/7E-20P2 and 1N/7E-21H
local names JBWD-15 and JBWD-16, Groover and Izbicki,
2018; basin 7-062) groundwater basins were analyzed using
pXREF (fig. 24). Drill cuttings from these wells do not fully
characterize aquifer deposits, either throughout the aquifer
thickness or spatially across the Morongo area; additional data
could allow more complete characterization of these materials.
Nevertheless, felsic alluvium was present in drill cuttings
from the four selected well sites, indicating transport of felsic
alluvium away from the San Bernardino Mountains into the
Mojave Desert.

In general, drill cuttings from these four well sites are
not as felsic as alluvium that composes the floodplain aquifer
along the Mojave River, although some of this alluvium
presumably originated from similar granitic rocks in the
San Bernardino Mountains. The widest range in elemental
composition, and the most mafic materials sampled within
the Morongo area, were from drill cuttings at well site
IN/7E-21H1 (fig. 15B; Groover and Izbicki, 2018) in the

Joshua Tree groundwater basin (fig. 24; basin 7-062).
Although not as mafic as surficial alluvium, chromium
concentrations in alluvium penetrated by this well increased
with depth to a maximum of 63 mg/kg at a depth of 680 ft bls,
then decreased abruptly to concentrations less than 20 mg/kg
at 790 ft bls as the well penetrated more felsic alluvium.
Arsenic concentrations ranged from less than the SRL of
1.3 to 7.6 mg/kg and decreased below 700 ft to concentrations
commonly less than the SRL of 1.3 mg/kg. Although locally
derived mafic alluvium overlies more felsic alluvium at
depth at well IN/7E-21H1, this contact is not well-defined
in geophysical logs collected at this site. Chromium
concentrations at the other three sites ranged from 11 to
47 mg/kg; arsenic concentrations ranged from less than the
SRL of 1.3 to 3 mg/kg (Groover and Izbicki, 2018).
Uranium concentrations were as high as 135 mg/kg
(U.S. Geological Survey, 2004) in some granitic rocks
within the San Bernardino Mountains, and some soils
overlying groundwater basins near the mountain front are
high in uranium (fig. 10C; Smith and others, 2014, 2019).
However, uranium concentrations were less than the SRL of
2.8 mg/kg in drill cuttings from all well sites sampled in the
Morongo area (Groover and Izbicki, 2018).



Extractions from the Surfaces of Mineral Grains

Sequential-chemical extractions from the surface
coatings of mineral grains were measured on 94 samples
of alluvium and core material from wells (U.S. Geological
Survey, 2018). These data were used to assess the relative
abundance of sorption sites on mineral grains that compose
aquifer materials and to quantify concentrations of arsenic,
chromium, uranium, and vanadium within operationally
defined fractions extractable from those sorption sites. The
most mobile operationally defined fractions identified by
Chao and Sanzolone (1989) and Wenzel and others (2001)
are the nonspecifically (weakly) sorbed fraction, followed by
the specifically sorbed fraction (table 3). Anion exchange and
sorption processes controlled by mass action, electrical charge,
and the ionic strength of aqueous solutions are measured
by the nonspecifically (weakly) sorbed fraction, whereas
pH-dependent sorption commonly involves elements within
the specifically sorbed fraction. Trace elements within the
strongly sorbed (strong-acid extractable) fraction represent the
largest pool of trace elements extractable from the surfaces
of mineral grains and include trace elements extractable
from amorphous and well-crystalline aluminum, iron, and
manganese oxides (table 3). Trace elements within the strongly
sorbed (strong-acid extractable) fraction are potentially
mobile in reduced groundwater through reductive dissolution
of iron and manganese oxide coatings on the surfaces of
mineral grains. Trace-element concentrations extractable
from the nonspecifically (weakly) sorbed, specifically sorbed,
amorphous, and strongly sorbed (strong-acid extractable)
fractions (Chao and Sanzolone, 1989) were summed to
assess total extractable trace-element concentrations. Total
extractable concentrations of arsenic, chromium, uranium,
and vanadium were compared with the total concentrations of
these elements measured by pXRF to evaluate the percentage
of these elements that have weathered from mineral grains and
are potentially available to groundwater.

Abundance of Oxide Coatings

The abundance of aluminum, iron, and manganese
coatings on the surfaces of mineral grains that potentially
act as sorption sites for trace elements was inferred from
their concentrations in the strongly sorbed (strong-acid
extractable) fraction. This approach provides a qualitative
assessment of the relative distribution and abundance of
sorption sites. Quantitative measurement of anion exchange
capacity on a per mass or surface area basis was not done
as part of this study. On a per mass basis, median aluminum
and iron concentrations in the strongly sorbed (strong-acid
extractable) fraction were similar overall, whereas the median
manganese concentration was about 3 percent of aluminum
and iron concentrations (fig. 19). On a molar basis, extractable
aluminum was about twice as abundant as extractable iron.
The PZC for aluminum oxides (gibbsite and corundum) ranges
from a pH of about 7.8 to 9.5 (table 2), which is higher than
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the PZC for most iron or manganese oxides. Consequently,
aluminum oxides can be expected to retain sorbed anions at
pH values >8.5, after those anions have been released from
iron and manganese sorption sites.

Median concentrations of extractable aluminum, iron, and
manganese within the strongly sorbed (strong-acid extractable)
fraction were significantly lower in the floodplain aquifer than
their overall median extractable concentrations (fig. 19). This
suggests that fewer sorption sites are present on the surfaces of
mineral grains that compose the floodplain aquifer. This likely
results from the coarser texture and younger geologic age (and
consequently, less weathering) of these materials compared to
materials within the regional aquifer of the Mojave River area
and the Morongo area.

Although the abundance of manganese sorption sites
likely has less effect on the total anion sorption capacity than
the abundance of aluminum or iron sorption sites, manganese
oxides on the surfaces of mineral grains are important in the
oxidation of Cr(III) to Cr(VI) (Schroeder and Lee, 1975) and
may affect the occurrence of Cr(VI) in groundwater in the
study area. Median concentrations of extractable manganese
within the strongly sorbed (strong-acid extractable) fraction
of mafic alluvium within the Oeste subarea (Sheep Creek
fan) of the Mojave River area were not significantly different
from the overall median extractable manganese concentration
despite the greater abundance of manganese in mafic rock and
mafic alluvium. These data indicate that oxidation of Cr(III) to
Cr(VI) by manganese within the Sheep Creek fan is a function
of chromium abundance and is not a function of increased
oxidation of Cr(III) by manganese within mafic alluvium.

Sequential-extraction data were used to quantify the
relative abundance of aluminum, iron, and manganese sorption
sites on mineral grains within aquifer materials. Important
aspects of the surface chemistry of these materials, including
quantitative measurement of anion-exchange capacity and
mineralogy of surface coatings (including the redox status and
sorptive properties of those minerals), were not addressed as
part of this study.

Extractable Concentrations of Selected
Trace Elements

Extractable arsenic, chromium, uranium, and vanadium
concentrations within the strongly sorbed (strong-acid
extractable) fraction are present at median concentrations
commonly three orders of magnitude lower than median
extractable aluminum or iron concentrations within that
fraction (fig. 20). Median extractable arsenic, uranium,
and vanadium concentrations within the strongly sorbed
(strong-acid extractable) fraction were significantly
higher in the regional aquifer within the Mojave River
area than the overall median extractable concentrations
for these three elements (fig. 20). The highest extractable
concentrations for these three elements were within
clay-textured, lacustrine deposits within the Centro subarea
of the Mojave River area (U.S. Geological Survey, 2018).
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Figure 19. Selected elemental concentrations in strongly sorbed (strong-acid extractable) fraction extracted from mineral grains of
alluvium from surficial alluvium and core material, western Mojave Desert, southern California. A, aluminum; B, iron; and C, manganese.
Data are available in U.S. Geological Survey (2018).
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Elemental concentrations in strongly sorbed (strong-acid extractable) fraction extracted from mineral grains of alluvium

from surficial alluvium and core material in the western Mojave Desert, southern California. A, arsenic; B, chromium, C, uranium; and
D, vanadium. Data are available in U.S. Geological Survey (2020).
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Concentrations of arsenic, uranium, and vanadium in surficial
alluvium eroded from extrusive felsic terrane in upland areas
adjacent to the Centro subarea also were high (figs. 104, C,
D). The high extractable concentrations within the strongly
sorbed (strong-acid extractable) fraction of clay-textured
lacustrine deposits in the Centro subarea likely represents

a combination of contributions from the upland source
terrane and the increased surface area and sorption sites
available in clay-textured deposits and may contribute to
high concentrations of these elements in groundwater in this
area under appropriate geochemical conditions. Lacustrine
deposits within the Baja subarea (fig. 5) were not sampled
but likely have similarly high extractable concentrations of
arsenic, uranium, and vanadium that are potentially mobile
to groundwater under appropriate geochemical conditions.
Median extractable chromium concentrations within the
strongly sorbed (strong-acid extractable) fraction were
highest in mafic alluvium within the Oeste subarea of the
Mojave River area and high concentrations result from the
composition of the mafic geologic source terrane of these
deposits (figs. 108, 20B).

Median extractable concentrations of arsenic, chromium,
and vanadium within the strongly sorbed (strong-acid
extractable) fraction were lower in the floodplain aquifer
than the overall median extractable concentrations for these
elements (figs. 204, B, D). In part, this may result from the
fewer available aluminum, iron, and manganese oxide sorption
sites on the aquifer materials that compose the floodplain
aquifer (fig. 19). In contrast, median extractable uranium

concentrations in the strongly sorbed (strong-acid extractable)
fraction were significantly higher in the floodplain aquifer
than the overall median uranium concentration (fig. 20C).
Although infrequently detected in surficial alluvium by

pXREF (fig. 11C), uranium was consistently detected within
the strongly sorbed (strong-acid extractable) fraction.
Significantly higher strongly sorbed (strong-acid extractable)
median uranium concentrations in aquifer material from

the regional and floodplain aquifers suggest that uranium

is potentially more available to groundwater in these areas
than in the Morongo area (fig. 20C). Strongly-sorbed
(strong-acid extractable) uranium from mineral grains within
the floodplain aquifer in the Mojave River area (fig. 20C)
likely results from weathering of uranium-containing minerals
eroded from intrusive felsic (granitic) rock within the San
Bernardino Mountains (U.S. Geological Survey, 2005b) and
may be associated with secondary carbonate minerals on

the surfaces of mineral grains. Dissolution of these minerals
may contribute to uranium in groundwater within the
floodplain aquifer.

Median extractable concentrations of arsenic,
chromium, uranium, and vanadium in the more mobile
nonspecifically (weakly) sorbed, and specifically sorbed
fractions were generally one to two orders of magnitude
less than concentrations within the strongly sorbed
(strong-acid extractable) fraction, with median extractable
concentrations in the amorphous oxide (and hydroxide)
fraction also less than concentrations within the strongly
sorbed (strong-acid extractable) fraction (table 8).

Table 8. Median concentrations of selected trace elements in operationally defined fractions
extracted from the surfaces of mineral grains of alluvium, western Mojave Desert California.

[Data available in U.S. Geological Survey, 2018. Tabled values are medians for indicated operationally defined
fractions. Values rounded for reporting. Abbreviation: <, less than]

. . i Arsenic Chromium Uranium Vanadium
Operationally defined extractable fraction’ —— -
in milligrams per kilogram
Non-specifically (weakly) sorbed <0.025 <0.028 <0.0025 <0.025
Specifically sorbed (pH dependent) 0.060 <0.025 0.0018 0.035
Amorphous (oxides and hydroxides) 0.086 0.039 0.0785 0.19
Well-crystallized (oxides and hydroxides) 0.40 0.13 0.071 1.5
Strongly sorbed (strong-acid extractable) 0.30 0.92 0.38 2.7
Total concentration? 3.9 34 2.2 386
Count 66 66 25 66
Percent sorbed? 9.7 3.7 17 <1

!Operationally defined extractable fractions modified from Chao and Sanzolone (1989) and Wenzel and

others (2001).

2Median total elemental concentration values calculated from the average of hand-held X-ray fluorescence (XRF)

data for each sample (Groover and Izbicki, 2018).

3Percent sorbed calculated as the sum of the concentrations for the nonspecifically sorbed (weakly), specifically
sorbed (pH dependent), and strongly sorbed (strong-acid extractable) fractions divided by the total extractable
concentration with the result expressed as a percentage. Reported percent sorbed values calculated from measured data
may differ from percent sorbed values calculated from median data presented in the table.



Extractable concentrations of arsenic, chromium, uranium,
and vanadium within the amorphous and well-crystalized
fractions were significantly correlated with concentrations
in the strongly sorbed (strong-acid extractable) fraction
with Kendall’s tau (B) correlation coefficients as high as
0.75 (figs. 214-D), although Kendall’s tau (B) correlation
coefficients for chromium were lower in magnitude than for
other constituents [tau ($)=0.20 and 0.26, respectively].

Extractable chromium concentrations within the
nonspecifically (weakly) sorbed and specifically sorbed
fractions were not significantly correlated with extractable
concentrations within the strongly sorbed (strong-acid
extractable) fraction (fig. 218). Chromium in the strongly
sorbed fraction is bound within the crystalline structures of
iron minerals and is more refractory than arsenic or uranium,
which contributes to the lack of a significant correlation in
extractable chromium between nonspecifically (weakly) and
strongly sorbed fractions. In addition, chromium may need to
be oxidized to Cr(VI) in the presence of manganese before it
can be present in more mobile extractable fractions. The data
show that chromium occurrence in groundwater is not solely
related to the geologic abundance of chromium. Vanadium
also binds tightly within crystalline iron minerals and was not
significantly correlated between the nonspecifically (weakly)
sorbed and the strongly sorbed (strong acid) extractable
fractions (fig. 21D). The negative tau () correlation
coefficient for extractable uranium within the specifically
sorbed fraction (fig. 21C) may be an artifact of the extraction
procedure and related to complexation of uranium with
ammonia or phosphate in the extract solution or may be
related to complexation of uranium with bicarbonate and
carbonate. Complexation of uranium with sorbed carbonate
minerals may limits pH-dependent sorption of uranium
into groundwater, especially at highly alkaline pH (greater
than 8.0).

Extractable arsenic, uranium, and vanadium
concentrations within the well-crystallized fraction (Wenzel
and others, 2001) and within the strongly sorbed (strong-acid
extractable) fraction (Chao and Sanzolone, 1989) were
significantly correlated, with Kendall’s tau (B) correlation
coefficients ranging from 0.5 to 0.75 (figs. 214, C, D). The
well-crystallized fraction and the strongly sorbed (strong-acid
extractable) fraction measure similar crystalline materials
and generally accounted for most of the total extractable
concentration of these three elements (table 8). Median
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extractable chromium, uranium, and vanadium concentrations
in the strongly sorbed (strong-acid extractable) fraction were
higher than concentrations in the well-crystallized fraction
(table 8). On the basis of these data, including the generally
significant correlations with other fractions (figs. 214-D),
extractable concentrations within the strongly sorbed
(strong-acid extractable) fraction were used in this report to
characterize trace elements sorbed to crystalline materials on
the surfaces of mineral grains.

Extractable concentrations of arsenic, chromium,
uranium, and vanadium summed from the nonspecifically
(weakly) sorbed, specifically sorbed, and strongly sorbed
(strong-acid extractable) fractions were divided by the total
elemental concentration of each element (measured using
pXRF; Groover and Izbicki, 2018) to determine the percentage
of these elements extractable from, and presumably weathered
from, mineral grains (table 8). Extractable elements are
potentially more available to enter groundwater than elements
that are within unweathered mineral grains that must weather
prior to entering groundwater. In some cases, extractable
arsenic, chromium, uranium, and vanadium may have been
weathered from mineral grains at different locations and
transported by groundwater to sorption sites on sample
materials, rather than weathered directly from those materials.

Median extractable percentages of the geologically less
abundant elements arsenic and uranium (9.7 and 17 percent,
respectively) were greater than the median extractable
percentages for the geologically more abundant elements
chromium and vanadium (3.7 and <1 percent, respectively;
table 8; fig. 22). It was not possible to calculate percent
extractable values for all uranium extractions because many
samples had pXRF concentrations less than the SRL. These
data partly explain why elements such as arsenic and uranium
that have low regional and average bulk continental crust
concentrations in rock and alluvium are commonly present
in groundwater at concentrations of concern for public
health. Extractable percentages differ spatially with higher
percentages of arsenic and uranium associated with lacustrine
deposits. Lacustrine deposits are commonly reduced and
would precipitate uranium as groundwater flows through these
deposits (similar to uranium in roll-front deposits), and arsenic
may be incorporated into secondary pyrite minerals observed
within these deposits that may not be extractable with the
procedures used in this study (table 3; Chao and Sanzolone,
1989; Wenzel and others, 2001).
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Figure 22. Percentage of arsenic, chromium, uranium, and
vanadium total concentrations extractable from exchange sites
on aquifer materials, western Mojave Desert, southern California.
Percentages were calculated from data in Groover and lIzbicki
(2018) and U.S. Geological Survey (2018).

Groundwater Chemistry

The concentrations of arsenic, chromium, uranium, and
vanadium in groundwater are a function of three factors:
(1) geologic abundance within aquifer materials; (2) the
fraction of these elements that have weathered from and are
sorbed to the surfaces of mineral grains and are potentially
available (or unavailable) to groundwater; and (3) the aqueous
chemistry of groundwater, including redox status and pH,
which are affected by the length of time groundwater has been
in contact with aquifer materials. Differences in the aqueous
geochemistry of arsenic, chromium, uranium, and vanadium
that control their solubility in groundwater are discussed in
this section.

Maps of selected physical properties and constituent
concentrations were prepared for the regional aquifer
and the floodplain aquifer in the Mojave River area, and
for the Morongo area Metzger and others (2015). These
online maps provide users with the ability to zoom-in and
closely inspect data where wells are in close proximity to
each other. However, these online maps do not contain data
more recently collected as part of this study (U.S. Geological
Survey, 2018) and as part of the GAMA Priority Basin
Program, Mojave Basin Domestic-Supply Aquifer study,
which can be found in a data release by Groover and others
(2019). Maps prepared by Metzger and others (2015) were
updated as part of this study to include recently collected data
and include separate maps for the floodplain aquifer within the
Mojave River area.

The thickness of the floodplain aquifer is poorly
defined, and its depth was approximated as 200 ft
following the approach of Metzger and others (2015). This
approximation does not coincide with the depth of recent,
highly felsic alluvium mapped as part of this study using
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pXRF data from drill cuttings (fig. 5). Wells within the
footprint of the floodplain aquifer that did not have depth
information (about 8 percent) were included within the
regional aquifer.

Dissolved Oxygen, pH, and
Specific Conductance

Dissolved-oxygen concentrations provide a measure

of the redox status of groundwater. Groundwater containing

more than 0.5 milligrams per liter (mg/L) dissolved oxygen

was classified as oxic, groundwater containing 0.2—0.5 mg/L

was classified as suboxic, and groundwater containing less

than 0.2 mg/L was classified as reduced (McMahon and

Chapelle, 2008; Metzger and others, 2015; fig. 23).

Dissolved-oxygen concentrations in 521 samples

of water from 315 wells in the study area collected

between 2000 and 2018 ranged from less than the SRL

of 0.2 to 16.7 mg/L (fig. 23; U.S. Geological Survey,

2018). Dissolved-oxygen concentrations greater than the

equilibrium concentration at the measured groundwater

temperature may result from entrainment of excess air during

recharge from cold winter stormflows, especially winter

stormflow along the Mojave River. Water from 85 percent
of sampled wells was oxic, about 8 percent of sampled wells
were suboxic, and 7 percent were reduced. Dissolved-oxygen
concentrations were significantly higher in the Morongo area
and lower in the floodplain aquifer of the Mojave River area
than the overall distribution, although lower concentrations in
the floodplain aquifer were not significantly different from the
overall distribution (fig. 244).

Suboxic or reduced conditions (dissolved oxygen less
than 0.5 mg/L) were present in water from wells throughout
the study area but were more common in the floodplain
aquifer, where water from about 30 percent of sampled
wells had dissolved-oxygen concentrations less than
0.5 mg/L (fig. 24A4). In addition to recharge as infiltration of
streamflow from the Mojave River, the floodplain aquifer
receives recharge from infiltration of treated wastewater
discharged from regional wastewater treatment plants within
the Transition Zone downstream from Victorville and within
the Baja subarea (Mojave Valley) downstream from Barstow
(fig. 5). Oxygen demand associated with recharge from treated
municipal wastewater may explain low dissolved-oxygen
concentrations less than 0.5 mg/L in the floodplain aquifer
downgradient from these releases. Organic material from
buried wetland deposits where groundwater formerly
discharged to the land surface upgradient from faults during
predevelopment conditions (Thompson, 1929) also may
contribute to reduced conditions within the floodplain aquifer.
Suboxic or reduced conditions were present in 17 percent of
sampled wells in the regional aquifer in the Mojave River area
(fig. 244); most of these samples were from deep wells at the
downgradient ends of long groundwater flow paths through
the regional aquifer, especially within the Oeste subarea of
the Mojave River area (Sheep Creek fan, U.S. Geological
Survey, 2018).



jave Desert

, and GW, western Mo

mum,

k, alluv

ium, uranium, and vanadium in roc

Arsenic, chrom

52

"(§10Z) SJay1o pue 1abzya| Woiy paiipow) §1—000g ‘BIUI0}I[B) UIBYIN0S ‘Lasa( SARIO\ UIa1SaMm ‘eale JaAlYy aAe[O|A 8y} Ulyum
Jaginbe urejdpooyj} ay1 ‘g pue ‘eae oBuolojy 8yl 1o pue eale JaAly aAelofA 8yl UIYIM Jaginbe [euoiBal ayl ‘i Ul S||8M WOJ4 J81BM Ul SUOIIRIUBIUO0D UBBAX0-panjossiq gz anbig

SHALINOTIN 02 0l 0 €861 J0 wne( ueduswy YUoN N £99%'GE

_ - | | pue ‘N £6£0°v€ S|8||eled piepuess ‘uoiialold a1uo) [ewIoju0?) LBquIET (Sa|eIs

STNN 07 ol 0 snolieA ‘ejep |e}BIp 81e1S pue |esapa4 J8y10 pue Asaing [ealbolosn " woly aseq
364 EVA] EER:| el ILd MLY MEY ‘MG H MLd

_ N,

~

aIxoqns/paanpay

aIxQ O
O

(800z ‘a112ddey9 pue uoyepap)

uone, uou 10 uew
Buisn pajewjsa snjejs xopay

‘. sulejunoy
duipleulag ueg

= - Z = — &

(91x0) 0'G ueY) J81RBIG .
projosart @ N
@)
(©]

(91x0) 0°L 039°0

(arxoqns) 60 03 7'0
(paonpau) Z:0 uey} ssa ° 1

sasayjua.led

Ul UMOUS UOIBIIISSE|I XOpal

‘JX8) Ul pauonuaw ale umoys (gyl
‘a|dwexa) siaquinu ||am aeis—ial| ‘N
J1ad swesbijjiw ui ‘'uabixo panjossiqg g

ayis bunoyuow jlam-ajdninpy - ()

Pajeaduo0d alaym panop ‘paledo|
Ajarewixoidde aiaym paysep—
(0102 ‘s1ay1o pue sbuiuuar) syney — ‘N

~

(r10Z "Aouaby 1a)epp anelopy)
J131y13uapi pue sealeqns Juawabeuew 0}y 1
-18jempunoib Aouaby 1ajepp aneloly  81s3

(6102
'$391n0saYy 13)ep\ Jo Juawuedaq
eluiojijeg ‘ez ainbiy aas) saynuapi

pue Alepunoq uiseq Jajempunoin E m
—~

(y10zZ ‘Aouaby 1a)epp anelopy)
G00Z ‘|auueya aanoe Jany anelopy

(1002 s1aypo
pue sowe)g) 1ajnbe urejdpooj4

=
7

eale ofiuosopy

]
eale Janly anelopy _H_

NOILYNV1dX3

00911 0€.911 00oLL1 0€oL1L v



53

Geologic and Geochemical Data

2IXQ
21X0qNs/paanpay

(800¢ ‘aj12ddeyg pue uoyepap)
uoNeIUAIUI UoJI 10 asauehuew
Buisn pajewn)sa snjejs xopay

(91x0) 0°G UeY} 18)BAIG
(ox0) g 03 1L

(o1x0) 0°L 019°0
(91xoQns) G0 03270
(paonpaul) z'0 ueyl ssaq

sasayjualed

Ul UMOYS UONEBIIISSE|D XOpal

‘1X8] U] pauoluaW ale umoys (gLALZ

‘a|dwexa) s1aquinu ||am ale}s—ia|
J1ad swesbijjiw ul ‘'uabixo panjossiqg

ays bunoyuow jjam-ajdninpy

Pajeasuoa aIaym panop ‘pajeao)
Ajgrewixoldde asaym paysep—
(010Z ‘s1apo pue sbujuuar) syneq

(r10Z ‘Aouaby 1ajepp anelopy)
J1ayyuapi pue sealeqns Juawaheuew
-19)empunolb Aouaby Jajepp anelopy

(6102

'$201n0say Jajepn Jo Juawpedaq

eluloyije) ‘ez ainby aas) 1aynuapl
pue Alepunoq uiseq 1a)empunoin

(v10Z "Aauaby sa1ep anelopy)
G0OZ ‘|3uueyd aAnae Janly &>&_OE

(100Z ‘s1aypo
pue sowe)g) Jayinbe uejdpoojy

eale obuosoy

eale Janty anelopy

NOILVNY1dX3

)@,

e 09O

01|y
9183

- Z F -

Lo

~

panunuo)—-gg aInbig

SHILINOTIN 02 0l 0 €861 4O WneQ uBdLBWY YLON "N L997'GE
_ TH— | | pue ‘N £6£0°v€ S|a||eled piepuess ‘uoiiaalold 31uo) [ewiojuo?) Haquie (Sajeas
STIN 02 ol 0 snoleA ‘elep |e)Bip 81e1g pue |elapa4 1aylo pue Aaang |ea160j0ag) “§ M wolj aseq
36 ILH EER: N Ild MLY ‘MEY ‘MG H MLHY
| 2 N RN | o
< | o¥E

sojaSuy S0

7

T 0

EEIECIU
ay1jor.

N % onua
ﬁ/. ’
o
/ o5€

.

00911

0€.9L1

006L11 0€oLLL aq



54 Arsenic, chromium, uranium, and vanadium in rock, alluvium, and GW, western Mojave Desert

A
[ [ [ [ [ [ [ [ [
£ 10 BN —
© 3 =
5 - -
= - o ]
c o — -
— E
c - —
55
>E
< = .
° 3 1 =
T a =
3 C
2 C
5 C
(7] —
2
a L
Study reporting levelis0.2mg/L T
o [ I Y I Y I
0 10 20 30 40 50 60 70 80 90 100
Percent greater than or equal to
B
i
=
=
2
©
=]
o
©
»
£
==
(=N
6 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Percent greater than or equal to
100,000 £ =
” Eo [ [ [ [ [ [ [ [ 3
S wn C -
[ -1
E'n r B
2L o " n
g i .
S 3
£ g 10,000 —
R=3NT) =
CU.'U -
- ]
[EEN .
g% A i
5 o
S 2
=}
SE 1,000
o B
° o
= o
O
L D
o o
w
100

0 10 20 30 40 50 60 70 80 90 100
Percent greater than or equal to

EXPLANATION
— All data—314/520 Mojave River area
— —  Regional aquifer—191/232
"""" Floodplain aquifer—36/41

——- Morongo area—=87/247

87/247: Number of wells/number of samples

Estimated distribution function (EDF) shown in red if distributions are significantly
different on the basis of the two-sample Kolmogorov-Smirnov test for Dy,_-at a
significance criterion (o) of 0.05 (Arnold and Emerson, 2011).

EXPLANATION

— All data—564/1,802 Mojave River area
— — Regional aquifer—350/1,167

- Morongo area—121/428 -——=  Floodplain aquifer—93/199

121/428: Number of wells/number of samples

Estimated distribution function (EDF) shown in red if distributions are significantly
different on the basis of the two-sample Kolmogorov-Smirnov test for D, - at a
significance criterion (o) of 0.05 (Arnold and Emerson, 2011).

EXPLANATION

—— All data—555/1,782 Mojave River area
— —  Regional aquifer—343/1,160

- Morongo area—121/442 -=-=-=- Floodplain aquifer—91/200

121/442: Number of wells/number of samples

Estimated distribution function (EDF) shown in red if distributions are significantly
different on the basis of the two-sample Kolmogorov-Smirnov test for D, - at a
significance criterion (o) of 0.05 (Arnold and Emerson, 2011).

Figure 24. Estimated distribution functions for A, dissolved oxygen; B, pH; and C, specific conductance in water from wells in the
Mojave River and Morongo areas, western Mojave Desert, southern California, 2000-18. Data are from Metzger and others (2015),

U.S. Geological Survey (2018), and Groover and others (2019).



The pH in 1,794 samples of water from 565 wells in
the study area collected between 2000 and 2018 ranged
from 6.4 to 9.7 (fig. 25; U.S. Geological Survey, 2018),
with a median pH of 7.9 (fig. 24B8). Almost 85 percent of
water from wells had alkaline pH values greater than 7.5,
and almost one-half had highly alkaline pH values of 8.0 or
greater (fig. 24B). Most pH values were within the range of
literature-derived PZC values for iron oxides (table 2; fig. 26).
These data indicate that pH-dependent sorption would be
largely associated with iron oxides. About 12 percent of
pH values were less than 7.3 (fig. 24B) and within the PZC
range for manganese oxides (1.5-7.3; table 2; fig. 26). About
20 percent of pH values were greater than 8.5 and outside the
PZC range for iron oxides (4.2-8.5; table 2; fig. 26) but were
within the literature-derived PZC range for aluminum oxides
(7.8-9.5; table 2; fig. 26).

Values of pH were significantly higher in the Morongo
area (fig. 24B) than in the regional or floodplain aquifers of
the Mojave River area. One-half of the wells in the floodplain
aquifer with highly alkaline pH values (> 8.0) were in the Baja
subarea (Mojave Valley). Recharge occurs less frequently
along downstream reaches of the Mojave River within the
Baja subarea (Stamos and others, 2001; Izbicki and Michel,
2004), and groundwater pumping in excess of recharge has
caused water-level declines in this area; removing younger
groundwater from shallower deposits and leaving older higher
pH groundwater in deeper deposits.

Specific conductance in 1,782 samples of water from
555 wells in the study area collected between 2000 and 2018
ranged from 156 to 24,500 microsiemens per centimeter
(uS/cm) at 25 °C (fig. 24C; U.S. Geological Survey, 2018).
Specific conductance was significantly higher in the Morongo
area than in the study area as a whole (fig. 24C), with the
highest specific conductance in water from wells near dry
lakes within closed basins in the Morongo area (Metzger
and others, 2015). Similarly, specific conductance values
as high as 16,000 uS/cm were in water from wells near the
topographically closed El Mirage (dry) Lake within the Oeste
subarea (Metzger and others, 2015). Specific conductance
in water from wells within the floodplain aquifer along the
Mojave River did not exceed 3,500 uS/cm, with the highest
values resulting from irrigation return in the Centro subarea
and Transition Zone. Specific conductance in water from wells
within the regional and floodplain aquifers in the Mojave
River area were not significantly different from the overall
distribution (fig. 24C).

Groundwater Age

In the regional aquifer of the Mojave River area and the
Morongo area, pH increases with groundwater age (time since
recharge), largely as a result of consumption of hydrogen ions
during weathering of primary silicate minerals (Izbicki and
Michel, 2004), such as anorthite (CaAl,Si,Oq; eq. 4):

Geologic and Geochemical Data 55

CaAl,Si,Oq + 8H' = Ca*? +2A1" + 2H,Si0,° 4)

where
CaAl,Si,04  is anorthite,
H* is hydrogen ion,
Cat'? is calcium ion,
Al is aluminum ion, and
H,Si0,° s orthosilicic acid.

Groundwater age has been previously studied within the
study area using a wide range of age-dating tools including
trittum, trittum/helium-3, carbon-14, and noble gases (Izbicki
and others, 1995; Kulongoski and others, 2003, 2005, 2009;
Izbicki and Michel, 2004). For the purposes of this report,
the distribution of groundwater ages in water from wells in
the study area was evaluated on the basis of carbon-14 data,
which are more available than other age-dating constituents.
Carbon-14 has a half-life of 5,730 years, and data are reported
as an activity, with 100 percent modern carbon (pmc) being
the activity of NIST oxalic acid in which 12.88 disintegrations
per minute per gram of carbon in the year 1950 equals
100 pmc (Kalin, 2000). Water recharged after the atmospheric
testing of nuclear weapons may have carbon-14 activities
greater than 100 pmec.

To ensure enough data were available for interpretation,
carbon-14 data collected between 1991 and 2000 (Izbicki and
Michel, 2004) were included within this report. These data
predate the 2000 to 2012 period encompassing most other
data used for this study. Additional carbon-14 data collected
as part of this study and the GAMA Program, Priority Basin
Project, Mojave Basin Domestic-Supply Aquifer study (fig. 7;
Groover and Goldrath, 2019) also were included in this report.
The period of carbon-14 data used to assess groundwater
age ranged from 1991 to 2018. Given the long half-life of
carbon-14 (5,730 years; Kalin, 2000), carbon-14 activities of
data collected prior to 2000 are comparable to data collected
between 2000 and 2018.

Groundwater age can be calculated from
carbon-14 activity using different approaches that account
for radioactive decay and reactions that occur between
inorganic carbon (bicarbonate and carbonate) in water and
aquifer materials prior to groundwater recharge and along
groundwater flow paths (Kalin, 2000; Izbicki and Michel,
2004). For the purposes of this report, groundwater ages were
calculated solely on the basis of radioactive decay and were
not adjusted for reactions with aquifer materials; these ages
are referred to as unadjusted carbon-14 ages.

Groundwater in much of the study area was recharged
many thousands of years before present (Izbicki and others,
1995; Kulongoski and others, 2003, 2005, 2009; Izbicki and
Michel, 2004). Water from 44 percent of sampled wells in the
regional aquifer of the Mojave River area and 47 percent of
sampled wells in the Morongo area had carbon-14 activities
less than 30 pmc, corresponding to unadjusted carbon-14 ages
greater than about 10,000 years before present (ybp; fig. 27).
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pH, standard units (1,794 water samples from 564 wells
in the Mojave River and Morongo areas)
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hydroxides
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and
hydroxides
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Figure 26. Literature-derived range of point of zero charge
values for aluminum, iron, and manganese oxides and
hydroxides in relation to pH in water from wells in the Mojave
River and Morongo area, western Mojave Desert, southern
California, 2000-18. Literature-derived point of zero charge
values are from Healy and others (1966); Hingston and others
(1972); Murray (1974); Gilkies and McKenzie (1989); Stumm
and Morgan (1996); Smith (1999); Tan (2000); Appel and others
(2003); and Tan and others (2008). pH values are from Metzger
and others (2015); U.S. Geological Survey (2018); and Groover
and others (2019).
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Estimated distribution function shown in red if distributions are significantly
different on the basis of the two-sample Kolmogorov-Smirnov test for
critical value D, at a significance criterion (c) of 0.05 (Amold and
Emerson, 2011).

Unadjusted carbon-14 ages are carbon-14 ages calculated assuming only
radioactive decay from an initial carbon-14 activity of 100-percent modern
carbon, without accounting for rock/water reactions.

A, is the carbon-14 activity of pre-1952 recharge water as it passes the
water table. Estimated for the Mojave River and Morongo areas by Izbicki
and Michel (2004).

Figure 27. Estimated empirical distribution function for

carbon-14 activities in water from wells in the Mojave River and

Morongo areas, western Mojave Desert, southern California,
2000-18. Data are available in Metzger and others (2015),
U.S. Geological Survey (2018), and Groover and others (2019).



Water from 60 percent of sampled wells in the regional
aquifer and 68 percent of sampled wells in the Morongo area
had carbon-14 activities less than 55 pmc with unadjusted
carbon-14 ages greater than about 5,000 ybp (fig. 27).
Although carbon-14 activities were lower in water from
wells in the Morongo area compared to those of the overall
distribution, the difference was not statistically significant
(fig. 27). The oldest water in the floodplain aquifer, with a
carbon-14 activity of 39 pmc, was in the Baja subarea more
than 5 miles from the active channel of the Mojave River
(Izbicki and Michel, 2004).

Water from wells in the study area with carbon-14
activities of 84 pmc or higher commonly contain tritium
(Izbicki and Michel, 2004). Tritium is a naturally occurring
radioactive isotope of hydrogen (half-life of 12.3 years);
tritium in the environment increased with the atmospheric
testing of nuclear weapons between 1952 and 1962 (Solomon
and Cook, 1999). Water containing tritium represents recently
recharged, post-1952 (modern age) groundwater (Izbicki and
Michel, 2004).

Only about 17 percent of wells in the regional aquifer in
the Mojave River area and 12 percent of wells in the Morongo
area had water with carbon-14 activities greater than 84 pmc
(fig. 27). These wells were commonly within the alluviated
channels of small streams, including Yucca wash and Pipes
Wash that drain the San Bernardino Mountains, and Sheep
Crecek that drains the San Gabriel Mountains (Izbicki and
Michel, 2004). Post-1952 age groundwater was not detected
in water from wells in the regional aquifer and the Morongo
area away from the mountain fronts. However, comparatively
high carbon-14 activities in water from wells along the lengths
of Yucca wash and Pipes Wash in the Morongo area and small
washes overlying the Victorville fan in the Alto subarea of
the Mojave River area indicate recharge from infiltration of
intermittent flow from small streams in these areas (Izbicki
and others, 1995; Izbicki and Michel, 2004).

Carbon-14 activities were significantly higher in water
from wells in the floodplain aquifer compared to the overall
distribution of wells, and 66 percent of wells in the floodplain
aquifer had carbon-14 activities in water samples greater than
85 pmc that are consistent with post-1952 recharge (fig. 27).
Wells with carbon-14 activities consistent with post-1952 age
groundwater are present along the length of the floodplain
aquifer as far downstream as the Baja subarea (Izbicki and
Michel, 2004). Fewer carbon-14 data are available for the
floodplain aquifer than for the regional aquifer or the Morongo
area because the age of younger groundwater within the
floodplain aquifer was commonly evaluated on the basis
of tritium, rather than carbon-14 (Izbicki and others, 1995;
Izbicki and Michel, 2004).

In the study area, pH increased as carbon-14
activity decreased and groundwater age (time since
recharge) increased (fig. 28). In the floodplain aquifer,
pH increased with decreasing carbon-14 activities until
carbon-14 activities declined to about 84 pmc (fig. 284).
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Figure 28. Relation of pH to carbon-14 activity for A, the regional
aquifer within the Mojave River area and for the Morongo area,
and B, the floodplain aquifer within the Mojave River area,
western Mojave Desert, southern California, 1992—16. Data are
from Metzger and others (2015), U.S. Geological Survey (2018),
and Groover and others (2019).
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Izbicki and Michel estimated the initial carbon-14 activity
at the time of groundwater recharge (A,) to be 84 pmc;
changes in pH in the floodplain aquifer likely result from
chemical changes in groundwater at the time of recharge.

In the regional aquifer of the Mojave River area and in the
Morongo area, pH increased with decreasing carbon-14
activity until carbon-14 activities declined to about 50 pmc
(fig. 28B). Increases in pH in these areas likely are the
result of consumption of hydrogen ions during silicate
weathering (eq. 4). The data indicate that groundwater age
and resultant silicate weathering within the regional aquifer
of the Mojave River area and the Morongo area may control
pH and affect trace element chemistry until about one-half
life, or 5,700 years, after which basin-specific conditions that
affect aquifer pH and mineral weathering processes become
increasingly important controls on trace element chemistry
(Izbicki and Michel, 2004).

Selected Trace-Element Concentrations in
Water from Wells

In the study area, median arsenic, chromium as Cr(VI),
uranium, and vanadium concentrations in water from wells
sampled between 2000 and 2018 were 2.7, 1.5, 3.5, and
10.6 pg/L, respectively, with maximum concentrations of
360, 140, 1,470, and 690 ng/L, respectively (fig. 29). The
relative abundances of these constituents in groundwater
differ from their regional abundances in rock, surficial
alluvium, and drill cuttings in the study area. In addition,
the co-occurrence of these elements in water from sampled
wells differs from their co-occurrence in geologic materials
(fig. 12). Arsenic concentrations in water from sampled wells
were significantly correlated with vanadium [tau ()=0.38];
chromium concentrations also were significantly correlated
with vanadium [tau ($)=0.40]. Uranium was inversely
correlated with Cr(VI) and vanadium; correlations were
weak but were statistically significant [tau (B)=—0.14 and
—0.16, respectively].

Despite some similarities in the aqueous chemistries
of arsenic, Cr(VI), uranium, and vanadium, on the basis
of Kendall’s Tau B correlation coefficients concentrations
of these elements were not highly correlated in water from
sampled wells. Differences in geologic source terrains,
degree of weathering from mineral grains, and availability to
groundwater from sorption sites on the surfaces of mineral
grains combine with differences in the aqueous chemistry
during differing redox and pH conditions to produce different
spatial distributions of these elements in water from wells.

Arsenic

Arsenic may be present in water in the oxidized form,
arsenate, As(V), or in the reduced form, arsenite, As(III).
Arsenate and arsenite form oxyanions in water, with arsenate
soluble in oxic groundwater and arsenite soluble in reduced
groundwater (fig. 6).

Arsenic concentrations in 1,423 samples of water from
498 wells in the study area collected between 2000 and
2018 ranged from the SRL of 2 to 360 pg/L (figs. 30, 31;
U.S. Geological Survey, 2018). Water from 40 percent of
sampled wells had arsenic concentrations less than the SRL
of 2 pug/L. The highest arsenic concentration was in water
from well 9N/2W-1A2 in the floodplain aquifer within the
Centro subarea of the Mojave River area (fig. 315). Water
from 22 percent of sampled wells exceeded the EPA MCL
(U.S. Environmental Protection Agency, 2001, 2018) for
arsenic of 10 ug/L (fig. 30). This is slightly higher than the
18 percent of wells in the southern California desert region
sampled as part of the GAMA Program, Priority Basin Project
that exceeded the MCL for arsenic (Dawson and Belitz,
2012a, 2012b). In general, EDFs for arsenic concentrations
in water from wells in the regional aquifer and the Morongo
area were similar to the overall distribution, whereas arsenic
concentrations in water from wells in the floodplain aquifer
were significantly lower (fig. 30).
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Water Resources Board MCL for Cr(V1) of 10 pg/L (rescinded September,
2017)]
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EPA MCL, U.S. Environmental Protection Agency (2018)
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California NL, California State Water Resources Control
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Figure 29. Estimated distribution functions for arsenic, hexavalent
chromium, Cr(VI), uranium, and vanadium in water from wells in the
Mojave River and Morongo areas, western Mojave Desert, southern
California, 2000-18. Data are from Metzger and others (2015),
U.S. Geological Survey (2018), and Groover and others (2019).
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at a significance criterion (o) of 0.05 (Arnold and Emerson, 2011).

Figure 30. Estimated distribution function for arsenic in water
from wells in the Mojave River and Morongo areas, western
Mojave Desert, southern California, 2000-18. Data are from
Metzger and others (2015), U.S. Geological Survey (2018), and
Groover and others (2019).

Water from 26 percent of sampled wells in the regional
aquifer in the Mojave River area exceeded the EPA MCL of
10 pg/L for arsenic (fig. 30; U.S. Environmental Protection
Agency, 2001, 2018), and most of the wells that exceeded
the EPA MCL, with concentrations often exceeding 50 pg/L,
were in the Baja subarea (fig. 314). Arsenic concentrations
greater than the EPA MCL were present in oxic, suboxic, and
reduced water within the Baja subarea of the Mojave River
area (Metzger and others, 2015; U.S. Geological Survey,
2018). Although reduced conditions in groundwater within
clay-textured lacustrine deposits in the Baja subarea play a
role in the presence of arsenic concentrations greater than the
EPA MCL, high arsenic concentrations also are related to local
geology, especially the presence of volcanic and hydrothermal
rocks (fig. 3) that have eroded to compose alluvial and
lacustrine deposits in this area (Groover and Izbicki, 2019).

More than one-third of the wells in the regional aquifer
with arsenic concentrations greater than the EPA MCL were
in the Alto subarea of the Mojave River area (fig. 314). On
the basis of data from monitoring wells (Metzger and others,
2015) and depth-dependent sample collection from production
wells (Goldrath and others, 2015), deeper groundwater
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(600 ft or more bls; Goldrath and others, 2015) within the
Victorville fan of the Alto subarea was reduced, with pH
values greater than 9.0. This deeper groundwater is isolated
from surface sources of recharge and has low carbon-14
activities indicating it was recharged many thousands of years
ago (Izbicki and Michel, 2004). High arsenic concentrations in
water from wells in the Victorville fan within the Alto subarea
are associated with declining groundwater levels and with

an increasing proportion of well yields derived from deeper
deposits (Goldrath and others, 2015).

Water from 13 percent of sampled wells in the floodplain
aquifer in the Mojave River area exceeded the MCL for
arsenic (fig. 30), with more than one-half of those wells in
the Transition Zone (fig. 31B). (As previously discussed
for the purposes of this report, the floodplain aquifer was
assumed to be 200 ft thick and wells within the footprint of
the floodplain aquifer screened below 200 ft were assumed
to be in the regional aquifer.) Water from wells in the
floodplain aquifer within the Transition Zone with arsenic
concentrations greater than the EPA MCL was commonly
reduced, with dissolved-oxygen concentrations less than the
SRL of 0.2 mg/L (fig. 23). Although separated from shallower
groundwater by intervening clay layers, water from most
sampled wells within the Transition Zone contained tritium
(Izbicki and Michel, 2004), indicating recharge after 1952
and an apparent connection to surface sources of recharge.
High arsenic concentrations and reduced conditions in water
from wells within the Transition Zone may result from
recharge of water containing treated municipal wastewater and
subsequent consumption of dissolved oxygen after recharge
(figs. 23B, 31B).

Water from 16 percent of sampled wells in the Morongo
area exceeded the EPA MCL for arsenic (fig. 30), with most
exceedances in monitoring wells in the Deadman Valley,
Twentynine Palms Valley, and Warren Valley groundwater
basins (basins 7-013, 7-010, and 7-012, respectively;
fig. 314). Water having high arsenic from wells in these areas
is generally oxic with highly alkaline pH values commonly
greater than 9.0; the water is isolated from surface sources
of recharge as indicated by a median carbon-14 activity of
11 pmc. Arsenic concentrations in oxic water from wells in the
Morongo area are related to alkaline conditions resulting from
silicate weathering that increases pH along long groundwater
flow paths isolated from surface sources of recharge (Izbicki
and Michel, 2004). The combination of these processes occurs
in desert aquifer systems throughout the southwestern United
States (Alley, 1993). In contrast, water from production well
IN/SE-19B4 in the Ames Valley groundwater basin (basin
7-016) within the Morongo area (fig. 314) has an arsenic
concentration of 120 ug/L. Water from well IN/SE-19B4
contained measurable tritium indicating recharge after
1952 (U.S. Geological Survey, 2018), although a low
carbon-14 activity of 44 pmc indicates some mixing with
older groundwater. Water from the well would be unsuitable
for use as public or domestic supply without treatment
to remove arsenic based on the EPA MCL of 10 pg/L
(U.S. Environmental Protection Agency, 2018).
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64 Arsenic, chromium, uranium, and vanadium in rock, alluvium, and GW, western Mojave Desert

Arsenic concentrations within the study area were
significantly higher in suboxic or reduced groundwater and
lower in oxic groundwater (fig. 324). About 33 percent
of wells yielding suboxic or reduced water exceeded the
EPA MCL for arsenic, compared to 20 percent of wells
yielding oxic water (fig. 324). In oxic groundwater, arsenic
concentrations increased with increasing pH and were highest
in highly alkaline groundwater with pH values greater than
8.0 (fig. 32B). In reduced or suboxic groundwater, arsenic
concentrations similarly increased with increasing pH; more
than one-half of wells with reduced or suboxic groundwater
and with highly alkaline pH values greater than 8.0 exceeded
the EPA MCL for arsenic (fig. 32C). Water from 18 percent of
sampled wells had iron or manganese concentrations greater
than 1,000 pg/L (U.S. Geological Survey, 2018); reductive
dissolution of iron or manganese oxide coatings on mineral
grains, with subsequent release of sorbed arsenic, likely occurs
in reduced groundwater in the study area.

Arsenic may be present in water as oxidized arsenate,
As(V), or reduced arsenite, As(III). Arsenite is more toxic than
arsenate, but the EPA MCL is for total arsenic, and differences
in arsenic speciation are not generally important from a
drinking-water or public-health perspective (Ravenscroft,
2007). Both arsenate and arsenite form oxyanions in water,
with arsenate soluble in oxic groundwater and arsenite soluble
in reduced groundwater (fig. 6). More than 110 samples
were collected and analyzed for arsenite and arsenite plus
arsenate as part of this study between July 2016 and May 2018
(U.S. Geological Survey, 2018). Arsenite was commonly less
than the LRL of 1 pug/L, and most arsenic was in the oxidized
arsenate form. Microbially mediated reduction of arsenate
to arsenite occurs rapidly in laboratory experiments (Izbicki
and others, 2008c); however, most groundwater in the study
area did not have a low enough redox status to facilitate the
transformation of arsenate to arsenite (fig. 6).

Chromium

Chromium is generally present in oxic, alkaline
groundwater as hexavalent chromium, Cr(VI). The reduced
form, trivalent chromium, Cr(III), is not soluble at pH
values ranging from 6.4 to 9.8 that are commonly measured
in groundwater in the study area (figs. 248, 25). Cr(IIl) is
nontoxic and an essential micronutrient for humans; however,
Cr(VI) is a carcinogen if inhaled (Daugherty, 1992; Agency
for Toxic Substances and Disease Registry, 2012), and a
possible carcinogen if ingested (Sedman and others, 2006;
Beaumont and others, 2008). The EPA MCL of 100 pg/L
(U.S. Environmental Protection Agency, 2018) and the
California MCL of 50 pg/L (California State Water Resources
Control Board, 2018) are for total chromium, Cr(t), which
includes both Cr(III) and Cr(VI). The California MCL for
Cr(VI) of 10 pg/L established in July 2014 was rescinded
in September 2017 after legal action because the regulatory

agencies did not properly consider the economic feasibility of
complying with the MCL (California State Water Resources
Control Board, 2018).

Concentrations of Cr(t) in 1,040 water samples from
more than 440 wells in the study area sampled between
2000 and 2018 ranged from less than the SRL of 2 pg/L to
140 ng/L, with a median concentration less than 2 pg/L (not
shown on fig. 33; U.S. Geological Survey, 2018). Cr(t) was
detected in water from 205 wells (about 20 percent), and an
additional 130 wells had detectable Cr(t) concentrations less
than 2 pg/L but greater than their respective LRLs as low as
0.06 pg/L. Water from two wells in the Oeste subarea (Sheep
Creek fan) of the Mojave River area within the regional
aquifer exceeded the EPA (U.S. Environmental Protection
Agency, 2018) MCL for Cr(t) of 100 pg/L, and water from
nine wells exceeded the California MCL for Cr(t) of 50 pg/L
(California State Water Resources Control Board, 2017, 2019).

Concentrations of Cr(VI) in 854 water samples from
415 wells collected between 2000 and 2018 ranged from less
than the SRL of 1 pg/L to 98 pg/L (fig. 33; U.S. Geological
Survey, 2018). The highest Cr(VI) concentration was in
water from well 6N/7W-15K2 in the Oeste subarea of the
Mojave River area near the distal end of the Sheep Creek
fan (fig. 344). Cr(VI) was detected above the SRL of 1 pg/L
in water from 54 percent of sampled wells (fig. 33), and an
additional 37 wells had detectable Cr(VI) concentrations
below the SRL but greater than their respective LRLs as low
as 0.06 ug/L. Water from 5 wells (about 1 percent of sampled
wells) had Cr(VI) concentrations greater than the California
MCL for Cr(t) of 50 ng/L (fig. 33; California State Water
Resources Control Board, 2017, 2019). Water from 56 wells
(13 percent of sampled wells) had Cr(VI) concentrations
greater than the former California MCL for Cr(VI) of
10 pg/L (fig. 33; California State Water Resources Control
Board, 2018).

Cr(VI) concentrations in water from 5 wells (2 percent)
in the regional aquifer exceeded the California MCL for Cr(t)
of 50 ug/L, and 33 wells (12 percent) exceeded the former
California MCL for Cr(VI) of 10 pg/L (fig. 33). The EPA
MCL for Cr(t) of 100 ng/L was not exceeded in any sampled
wells (U.S. Environmental Protection Agency, 2018). Ten of
the twelve highest Cr(VI) concentrations were in the Oeste
subarea of the Mojave River area (Sheep Creek fan; fig. 344).
Of the 33 wells exceeding the former California MCL for
Cr(VI) of 10 pg/L, about 50 percent were in the Oeste subarea
(Sheep Creek fan) and 30 percent were in the Victorville fan
within the Alto subarea of the Mojave River area (fig. 344).
The Sheep Creek fan within the Oeste subarea was eroded
from mafic Pelona Schist in the San Gabriel Mountains, and
the Victorville fan within the Alto subarea also was eroded
in the geologic past from similar materials (Cox and others.
2003; Groover and Izbicki, 2018). Water from all wells
containing Cr(VI) concentrations greater than 10 pg/L was
oxic, and their median pH was 8.2.
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Figure 32. Estimated distribution functions for arsenic in groundwater from wells in the Mojave River and Morongo areas,
western Mojave Desert, southern California, 2000-18, grouped by A, redox status; B, pH in oxic water; and C, pH in reduced or
suboxic water. Data are from Metzger and others (2015), U.S. Geological Survey (2018), and Groover and others (2019).
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Figure 33. Estimated distribution functions for hexavalent
chromium, Cr(VI), in water from wells in the Mojave River and
Morongo areas, western Mojave Desert, southern California,
2000-18. Data are from Metzger and others (2015), U.S. Geological
Survey (2018), and Groover and others (2019).

Within the Sheep Creek fan, Cr(VI) concentrations were
low in wells screened in highly mafic, chromium-containing
deposits where suboxic or reduced conditions were present.
In addition to the abundance of chromium in the alluvium
composing the Sheep Creek fan, a combination of hydrologic
and geochemical processes contributes to high Cr(VI) in water
from wells in the Oeste subarea. These processes include
isolation from surface sources of recharge (older groundwater
age) and subsequent silicate weathering and resultant
alkaline pH.

The highest Cr(VI) concentration in water from wells
outside the Oeste and Alto subareas was 43 pg/L in water
from monitoring well 9N/1W-11K14 completed in partly
consolidated rock underlying the floodplain aquifer near
Barstow within the Centro subarea of the Mojave River area
(fig. 154). These deposits have a trace element assemblage
consistent with erosion from surrounding extrusive (volcanic)
felsic rocks (fig. 134). Water samples from two additional
wells within the Baja subarea in alluvial deposits eroded from
the surrounding uplands exceeded the former California MCL
for Cr(VI) of 10 pg/L (fig. 344).

Water samples from wells in the floodplain aquifer
did not exceed either the EPA or California MCLs for Cr(t)
(100 and 50 ug/L, respectively) or the former California

MCL for Cr(VI) (10 ug/L; figs. 33, 34B). The highest Cr(VI)
concentration in the floodplain aquifer of 9 pg/L was in
water from well 9N/2E-27D13 in the Baja subarea (Mojave
Valley), and the seven next-highest Cr(VI) concentrations
also were in water from wells in the Baja subarea (fig. 345).
Although chromium concentrations in surficial alluvium
sampled along the active channel of the Mojave River
did not increase with changes in regional geologic source
terrains (Groover and Izbicki, 2019), Cr(VI) concentrations
in water from wells were higher in the Baja subarea than
in other groundwater-management subareas, consistent
with contributions from local geologic source terranes
(figs. 3, 34B). Cr(VI]) concentrations in water from wells in
the floodplain aquifer upstream from the Baja subarea did not
exceed 5 pg/L (maximum value 3.6 pg/L; fig. 34B8). Water
in about 60 percent of wells sampled (15 of 24 wells) in the
Transition Zone was reduced or suboxic (fig. 348) and would
not be expected to contain Cr(VI); water in about 80 percent
of sampled wells (43 of 53 wells; fig. 34B) in the Alto and
Centro subareas was oxic and would be expected to contain
Cr(VI) if chromium-containing geologic source materials were
present within aquifer deposits.

Hexavalent chromium concentrations in water from
sampled wells in the Morongo area did not exceed the
EPA or California MCLs for Cr(t) of 100 and 50 pg/L,
respectively (fig. 33; California State Water Resources
Control Board, 2017, 2019; U.S. Environmental Protection
Agency, 2018). Water from 40 percent of sampled wells (23 of
57) in the Morongo area exceeded the former California
MCL for Cr(VI) of 10 ug/L (fig. 33; California State Water
Resources Control Board, 2018). The highest Cr(VI)
concentration in the Morongo area of 35 ng/L was in water
from well 1N/7E-21H1 within the Copper Mountain Valley
groundwater basin (basin 7-011; fig. 344). Five production
wells within the Copper Mountain Valley groundwater basin
and the adjacent Joshua Tree groundwater basin (basin
7-062; fig. 344) had Cr(VI) concentrations greater than
10 pg/L (fig. 344). pXRF data indicated drill cuttings from
unconsolidated deposits penetrated by well IN/7E-21H1 had
a mafic, chromium-containing composition (fig. 15B8). Cr(VI)
concentrations of 10 pug/L or greater also were measured
in water from wells in the Deadman Valley groundwater
basin (7-013; fig. 344). In contrast to the Copper Mountain
Valley and Joshua Tree groundwater basins, drill cuttings
from wells in the Surprise Spring area (western part of
basin 7-013, not shown on map) were felsic and have lower
chromium concentrations consistent with felsic materials
(fig. 15B), indicating that Cr(VI) concentrations in water from
these wells are related to local hydrologic and geochemical
conditions rather than geologic source terrane. Unlike the
regional aquifer within the Oeste subarea where geologic
abundance of chromium controls Cr(VI) concentrations in
groundwater, hydrologic and geochemical processes in the
Morongo area result in silicate weathering and alkaline pH
that were sufficient to produce Cr(VI) concentrations in
older groundwater greater than the former California MCL
of 10 pg/L.
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For the study area overall, Cr(VI) was detected more
frequently and at higher concentrations in wells with oxic
water than in wells with suboxic or reduced water (fig. 354).
In about 58 percent of sampled wells with oxic water, Cr(VI)
was detected at concentrations greater than 1 pg/L, and in
22 percent of wells with oxic water Cr(VI) concentrations
equaled or exceeded the former California MCL of 10 ng/L
(fig. 354). In contrast, Cr(VI) was detected at concentrations
greater than 1 pg/L in 24 percent of sampled wells with
suboxic or reduced water; concentrations did not exceed
7.4 ng/L (fig. 354). For wells without dissolved-oxygen
data, the classification of redox status (reduced, suboxic,
or oxic) was made on the basis of manganese or iron data
using the approach described by McMahon and Chapelle
(2008). Manganese may be present in groundwater at redox
potentials that allow Cr(VI) to be present without reduction
to Cr(III) (fig. 6). For wells with dissolved-oxygen data,
Cr(VI) concentrations in reduced water (dissolved oxygen
less than 0.2 mg/L) were all less than the SRL of 1 pg/L. The
data indicate that the use of manganese concentrations to
determine redox conditions may not be suitable for Cr(VI).

N I I [ [
California maximum contaminant level for total
dissolved chromium (California State Water
Resources Control Board, 2019)

t

Former California maximum contaminant level for
Cr(V1), rescinded September 2017 (California State
Water Resources Control Board, 2018)
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391/828: Number of wells/number of samples.

Estimated distribution function (EDF) shown in red
if distributions are different on the basis of the
two-sample Kolmagorov-Smirnov test for the
critical value Dn-n" at a significance criterion (o)
of 0.05 (Arnold and Emerson, 2011).
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Figure 35.
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In the absence of dissolved-oxygen data, Cr(VI) may be a
better indicator of the redox status in water from wells than
manganese concentrations.

In oxic groundwater, Cr(VI) was detected more
frequently and at higher concentrations in water from
wells with highly alkaline pH (pH>8.0) than in water from
wells with alkaline (7.5<pH>8.0) or slightly alkaline pH
(7.2<pH<7.4; fig. 35B). Cr(VI) detection frequency and
concentrations in wells with oxic water increased with
increasing pH (fig. 35B) consistent with pH-dependent
desorption of Cr(VI) similar to patterns observed in
groundwater elsewhere in California by Izbicki and others
(2015a). Cr(VI) concentrations as high as 10 pg/L were
present in wells with oxic, slightly alkaline (pH from 7.2 to
<7.4) water from wells in the Oeste subarea of the Mojave
River area (Sheep Creek fan, not shown on fig. 35B);
moreover, Cr(VI) concentrations ranging from 14 to 98 pg/L
were present in oxic, alkaline water (7.5< pH< 8.0) from
wells in the Oeste subarea as a result of locally mafic geology.
Cr(VI) concentrations did not exceed 2.3 pg/L in oxic, slightly
acidic to slightly alkaline or neutral water (pH from 6.4 to
<7.4) from wells elsewhere in the study area (fig. 35B).
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pH (oxic water), in standard 302/674: Number of wells/number of samples.
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or equal to 8.0)—318/697 of the two-sample Kolmogorov-Smirnov test
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criterion (o) of 0.05 (Arnold and Emerson,
2011).
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33/58

Estimated distribution functions for hexavalent chromium by A, redox status; and B, pH in oxic groundwater in the

Mojave River and Morongo areas, western Mojave Desert, southern California, 2000-18. Data are from Metzger and others (2015),

U.S. Geological Survey (2018), and Groover and others (2019).
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Uranium

Uranium is present in groundwater in the study area
primarily in the +6-oxidation state as uranyl, U(VI) (Rai and
Zachara, 1984). In the absence of complexation, uranyl, as
UO,(OH), H,0, has low solubility, and the primary aqueous
forms of U(VI) in groundwater are carbonate complexes that
range from cationic to anionic with changes in pH (Krajnak
and others, 2014). Uranium is an alpha-emitting radionuclide
and contributes to gross alpha activities in water. The EPA
MCL for uranium is 30 ug/L (U.S. Environmental Protection
Agency, 2018). The radioactive decay of uranium is used to
establish the metric for the California MCL (20 picocuries
per liter; California Environmental Protection Agency,

2013), which corresponds to a uranium concentration of

25 ng/L. However, the EPA and California MCLs for uranium
were established in response to human-health concerns for
kidney toxicity rather than concerns about the radioactive
properties of uranium (California Environmental Protection
Agency, 2013).

Uranium in groundwater has only recently been
recognized as a public health concern in the study area;
consequently, water from fewer wells have been analyzed for
uranium than for arsenic, chromium, or vanadium. Uranium
concentrations in 176 water samples from 157 wells collected
between 2000 and 2018 ranged from less than the SRL of
0.1 to 1,470 pg/L, with a median concentration of 3.2 ug/L
(fig. 36). The highest uranium concentration (1,470 pg/L)
was in water from well 2N/9E-29M2 within the Twentynine
Palms Valley groundwater basin (basin 7-010; figs. 36, 374).
Well 2N/9E-29M2 is within the playa of Mesquite (dry)

Lake (not shown on fig. 37) and water from the well was
saline, with a specific conductance of 24,500 uS/cm; reduced,
with a dissolved-oxygen concentration less than the SRL

of 0.2 mg/L; and highly alkaline, with a pH value of 8.7.
Although water from well 2N/9E-29M2 was reduced, it

was not sufficiently reduced to convert U(VI) to insoluble
U(V) and remove uranium from groundwater (fig. 6). About
9 percent of wells had water that exceeded the EPA MCL

for uranium (30 ug/L), almost three times the exceedance
frequency for wells in the southern California desert region
studied as part of the GAMA Program, Priority Basin Project
(Dawson and Belitz, 2012b).

Uranium concentrations in water from about 7 percent of
the sampled wells (6 of 90 wells) in the regional aquifer within
the Mojave River area exceeded the EPA MCL for uranium
of 30 ug/L (figs. 36, 37A4). Five of the six wells exceeding the
EPA MCL for uranium were in the Baja or Centro subareas of
the Mojave River area and four of those wells were monitoring
wells completed in partly consolidated rock underlying
alluvial deposits (fig. 374). Water from two of these
monitoring wells (ON/1W-11K12 and IN/1W-11K 13, fig. 17)
did not contain measurable dissolved oxygen at the SRL of
0.2 mg/L but was not sufficiently reduced to remove uranium
from groundwater. Water from domestic well 6N/7W-14D1 in
the Oeste subarea near the distal end of the Sheep Creek fan
(fig. 374) also exceeded the EPA MCL for uranium.

Uranium concentrations in water from wells were higher
in the floodplain aquifer where 20 percent of the sampled
wells (6 of 39 wells) exceeded the EPA MCL (figs. 36, 37B).
Five of the six wells exceeding the EPA MCL in the floodplain
aquifer were in the Baja or Centro subareas and included
wells ON/1W-11K14 and IN/1W-11K15 (figs. 17, 37B). The
two deeper wells at this site also had uranium concentrations
greater than the US EPA MCL. The lowest uranium
concentrations in the regional and floodplain aquifers, less
than 1 pg/L, were in the Alto subarea.

Uranium concentrations in water from about 5 percent
of sampled wells (2 of 37 wells) within the Morongo area
exceeded the EPA MCL (fig. 374). These wells (2N/9E-29M2,
previously identified as having the highest uranium
concentration in the study area and the deeper well at the site
2N/9E-29M1, having a uranium concentration of 56 pg/L)
were in the playa of Mesquite (dry) Lake within Twentynine
Palms Valley groundwater basin (basin 7-010) and yielded
highly alkaline, saline water that would be unlikely to be used
as a source of public supply.
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EXPLANATION

Mojave River area
Regional aquifer—90/101
Floodplain aquifer—30/32

All data—157/176

— -~ Morongo area—37/43

157/176: Number of wells/number of samples.

Estimated distribution function (EDF) shown inred if distributions are significantly
different from overall (all data) distribution on the basis of the two-sample
Kolmogorov-Smirnov test for the critical value Dn-n" at a significance criterion (o)
of 0.05 (Amold and Emerson, 2011).

Figure 36. Estimated distribution functions for uranium in water
from wells in the Mojave River and Morongo areas, western
Mojave Desert, southern California, 2000-18. Data are from
Metzger and others (2015), U.S. Geological Survey (2018), and
Groover and others (2019).
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Uranium concentrations in oxic water from wells in
the study area were not significantly different from uranium
concentrations in suboxic and reduced water (fig. 384),
although uranium concentrations were generally higher
in suboxic and reduced water than in oxic water from
wells. This is consistent with redox data (fig. 6) that show
U(VI) persisting in solution at low Eh values that mobilize
manganese and reduce Cr(VI) to Cr(III). With the exception
of water from well 2N/9E-29M 1, uranium concentrations
in suboxic and reduced water (fig. 38B) were not associated
with high iron or manganese concentrations, indicating that
pH-dependent sorption controls mobilization of uranium and
that groundwater in the study area is not generally sufficiently
reduced for reductive dissolution of iron- or manganese-oxide
coatings sorbed to the surfaces of mineral grains. Reduced
conditions that dissolve iron-oxide coatings on the surfaces of
mineral grains would be sufficient to reduce U(VI), complexed
with carbonate, to U(IV) and remove uranium from solution,
although dissolved manganese and U(VI) may cooccur in
groundwater (fig. 6).

Unlike arsenic, chromium, and vanadium (discussed in
the following “Vanadium” section), uranium concentrations
were significantly lower in highly alkaline (pH>8.0) water
from wells, and significantly higher in slightly alkaline
(pH values 7.2 to 7.4) water during reduced and oxic
conditions (figs. 388, C). The combination of high uranium
in geologic source material eroded from the San Bernardino
Mountains (U.S. Geological Survey, 2005b) and lower
pH in water from wells (fig. 24B) contributes to higher
uranium concentrations in water from wells in the floodplain
aquifer (fig. 36).

Uranium forms soluble aqueous complexes with
bicarbonate that increase its solubility; however, at highly
alkaline pH values, saturation and precipitation of calcite
would cause uranium to be removed from groundwater and
sorbed onto aquifer solids as calcite precipitates (Rai and
Zachara, 1984). In general, bicarbonate concentrations within
the regional and floodplain aquifers were higher in the Baja
and Centro subareas of the Mojave River area, contributing
to complexation and high uranium concentrations in those
groundwater-management subareas (fig. 39). High bicarbonate
concentrations in groundwater in these areas may be attributed
to return water from irrigated agriculture (Jurgens and others
2010; Rosen and others, 2019) and less frequent recharge from
infiltration of Mojave River streamflow compared to upstream
reaches of the river (Lines, 1996; Stamos and others, 2001).
Bicarbonate concentrations are lower in the Morongo area
than in the regional aquifer within the Mojave River area and
complexation of uranium with bicarbonate may contribute
less to uranium concentrations in groundwater in that area
than in the regional aquifer (fig. 39); uranium concentrations
are lower in the Morongo area than overall concentrations
in the study area, although the difference is not statistically
significant (fig. 36).
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Vanadium

Vanadium is present in groundwater at pH values
common in the study area as vanadium pentoxide, V(V),
in the anionic form orthovanadate, VO 3. V(V) persists
in groundwater at lower Eh values than As(V), Cr(VI), or
U(VI) and can remain in solution with reduced iron, Fe*?

(fig. 6). Vanadium is on the EPA Candidate Contaminant

List (CCL; U.S. Environmental Protection Agency, 2016),

but is not considered a carcinogen (U.S. Environmental
Protection Agency, 2009). Although there is no California
MCL, California established a notification level (NL) for
vanadium in drinking water of 50 ng/L (California State Water
Resources Control Board, 2019) and California has proposed
a more stringent NL of 15 pg/L (California Environmental
Protection Agency, 2000).

Vanadium concentrations in 504 water samples from
304 wells in the study area collected between 2000 and
2018 ranged from less than the SRL of 2 to 690 nug/L, with
a median concentration of 10.5 ug/L (fig. 40). The highest
vanadium concentration was in saline water from well
2N/9E-29M2 within the playa of Mesquite (dry) Lake in the
Twentynine Palms Valley groundwater basin (basin 7-010;
fig. 414). Concentrations in about 7 percent of sampled wells
(21 of 300 wells) exceeded the California NL for vanadium
of 50 ng/L, with about 33 percent of wells equal to or
exceeding the proposed California NL of 15 pg/L (fig. 40).
This frequency is higher than the 4 percent of wells exceeding
the proposed California NL for vanadium in the southern
California desert region sampled as part of the GAMA
Program, Priority Basin Project (Dawson and Belitz, 2012b).
Vanadium was present at higher concentrations in water
from wells in the Morongo area, but the distribution was not
statistically significantly different from the overall distribution
of wells within the study area (fig. 40). The distribution of
vanadium concentrations was significantly lower for sampled
wells in the floodplain aquifer along the Mojave River than for
the overall distribution (fig. 40).

Water from 9 percent of sampled wells (17 of 193 wells)
in the regional aquifer within the Mojave River area exceeded
the California NL for vanadium of 50 pg/L (fig. 40), with
more than 80 percent of those exceedances (14 wells) in the
footprint of the Victorville fan within the Alto subarea of the
Mojave River area (fig. 414). Groundwater in the Victorville
fan was identified as having high vanadium concentrations that
were attributed to erosion from the geologic source terrane
within the Pelona Schist by Wright and Belitz (2010). Portable
(handheld) XRF data from rock samples showed vanadium
concentrations as high as 1,150 mg/kg in the greenschist
facies of the Pelona Schist (table 6) which eroded to form
the Victorville fan in the geologic past; however, only one
well in the Sheep Creek fan within the Oeste subarea of the
Mojave River area, also eroded from the Pelona Schist, had
a vanadium concentration greater than the California NL of
50 pg/L (fig. 414). One well in the Baja subarea of the Mojave
River area, where vanadium concentrations in rock and
surficial alluvium are regionally high (fig. 10D), had vanadium
concentrations greater than 100 pg/L (fig. 414).
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Redox status—157/176
Oxic—126/143

— — Reduced or suboxic—31/33

157/176: Number of wells/number of samples.

Estimated distribution function shown in red if distributions
are significantly different on the basis of the two-sample
Kolmogorov-Smirnov test for the critical value D, - at a
significance criterion (e) of 0.05 (Arnold and Emerson, 2011).

EXPLANATION
pH (oxic groundwater), in standard units—119/136

Highly alkaline (greater than or equal to 8.0)—54/63
— — Alkaline (7.5to0 7.9)—46/52

— — — Slightly alkaline (7.2 to 7.4)—19/21

54/63: Number of wells/number of samples.

Estimated distribution function shown in red if distributions
are significantly different on the basis of the two-sample
Kolmogorov-Smirnov test for the critical value D, - at a

significance criterion (o) of 0.05 (Arnold and Emerson, 2011).

EXPLANATION
pH (suboxic or reduced groundwater), in standard
units—30/32
———  Highly alkaline (greater than or equal to 8.0)—16/18

— — Alkaline (7.5t0 7.9)—14/14

16/18: Number of wells/number of samples.

Estimated distribution function shown in red if distributions
are significantly different on the basis of the two-sample
Kolmogorov-Smirnov test for the critical value D, at a

significance criterion (o) of 0.05 (Arnold and Emerson, 2011).

Figure 38. Cumulative empirical distribution functions (EDFs) for uranium as a function of A, redox status; B, pH in
oxic water; and C, pH in reduced water from wells, Mojave River and Morongo areas, western Mojave Desert, southern
California, 2000-18. Data are from Metzger and others (2015), U.S. Geological Survey (2018), and Groover and others (2019).
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Figure 39. Relation of uranium with bicarbonate in water

from wells, Mojave River and Morongo areas, western Mojave
Desert, southern California, 2000-18. Data are from Metzger and
others (2015), U.S. Geological Survey (2018), and Groover and
others (2019).

Factors other than geologic abundance control vanadium
concentrations in groundwater in the Victorville fan within
the Mojave Rive area. Values of pH in water from wells
within the footprint of the Victorville fan with vanadium
concentrations greater than the California NL ranged from
8.2 t0 9.6, with a median pH of 9.1. pH was significantly
correlated with vanadium (coefficient of determination,
R?=0.71) above the notification level until a pH value of about
9.5 (fig. 42). Values of pH greater than 8.5 exceed the PZC for
most iron and all manganese oxide surface coatings (table 2).
At pH values greater than 9.5, vanadium concentrations no
longer increase with pH and desorption of vanadium from
aluminum oxide coatings on the surfaces of mineral grains
within the Victorville fan appears to be controlled by geologic
abundance (fig. 42). Water from wells in the Victorville fan
with vanadium concentrations greater than the California NL
was generally old, with a median carbon-14 activity less than
2 pmc (uncorrected age greater than 20,000 ybp). Most water
from sampled wells in the Victorville fan having vanadium
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concentrations greater than the California NL did not contain
measurable dissolved oxygen (< the SRL of 0.2 mg/L),
consistent with the persistence of vanadium in reduced
groundwater (fig. 6).

Vanadium concentrations in sampled wells were
significantly lower for the floodplain aquifer along the
Mojave River than for the overall distribution in the study
area and did not exceed 22 pg/L (figs. 40, 41B); only about
6 percent of the sampled wells (3 of 52 wells) exceeded the
proposed California NL of 15 pg/L (California Environmental
Protection Agency, 2000). Low vanadium concentrations
in sampled wells completed in the floodplain aquifer along
the Mojave River presumably result from a combination of
geologic source terrane and slightly acidic to circumneutral
pH values in groundwater (figs. 24B, 25B).
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State Water Resource Control Board, 2019)
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54/56: Number of wells/number of samples.

Estimated distribution function (EDF) shown in red if distributions are significantly
different from the overall (all data) distribution on the basis of the two-sample
Kolmagorov-Smirnov test for the critical value D,, . at a significance criterion (o)
of 0.05 (Amold and Emerson, 2011).

Figure 40. Estimated distribution functions (EDFs) for vanadium
in water from wells in the Mojave River and Morongo areas,
western Mojave Desert, southern California, 2000-18. Data are
from Metzger and others (2015), U.S. Geological Survey (2018),
and Groover and others (2019).
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EXPLANATION

I California notification level for vanadium Abbreviations

: is 50 pg/L (California State Water o, alpha
Resources Control Board, 2019) Al, aluminum
) Fe, iron
Location of selected wells
0, oxygen
@  Alto subarea (Victorville fan) H, hydrogen

) . N
° Oeste subarea (Sheep Creek fan) R*, coefficient of determination

0 Baja subarea

Figure 42. Relation of vanadium concentration and pH in water
from selected groups of wells with vanadium concentrations
greater than the California notification level, and regression
results for selected wells in the Victorville fan, Mojave River area,
western Mojave Desert, southern California, 2000-18. Data are
from Metzger and others (2015), U.S. Geological Survey (2018), and
Groover and others (2019).

Vanadium concentrations in water from about 6 percent
of sampled wells (3 of 54 wells) in the Morongo area
exceeded the California NL for vanadium of 50 png/L (figs. 40,
41A4). These exceedances included saline water from well
2N/9E-29M2 in the playa of Mesquite (dry) Lake in the
Twentynine Palms Valley groundwater basin (basin 7-010;
fig. 414), having the highest vanadium concentration in the
study area, and two deep monitoring wells in the Deadman
Valley groundwater basin (basin 7-013; fig. 414), 2N/7E-11R1
and 2N/7E-10D1 (fig. 414), with fresh, oxic water having
highly alkaline pH values of 9.7 and 9.3, respectively.

Across most of the measured range, vanadium
concentrations in sampled wells were higher in oxic water
than in suboxic or reduced water, although the highest
vanadium concentrations were in suboxic or reduced water
(fig. 434). Vanadium concentrations were significantly higher
in highly alkaline water (pH>8.0) regardless of redox status
(figs. 43B, C), with the highest vanadium concentrations in
water from wells having pH values greater than 8.5; consistent
with the presence of V(V) as HVO,?™ rather than H,VO,!-.
Vanadium concentrations in reduced or suboxic groundwater
were not correlated with increasing iron or manganese
concentrations, suggesting that changes in vanadium
speciation and desorption at high pH (pH=>8.0), rather than
reductive dissolution of sorbed iron or manganese oxides, was
responsible for higher vanadium concentrations that exceed
the NL in water from wells.

The V(V) oxyanions form few aqueous complexes.
However, fluoride, one of the geogenic contaminants of
greatest public health concern worldwide (World Health
Organization, 2006; Johnson and others, 2017), forms soluble
complexes with reduced forms of vanadium, V(IV) and V(III)
(Page and Wass, 2006; Wright and others, 2014; Chang and
others, 2016). Fluoride was significantly positively correlated
with vanadium, but the magnitude of the correlation was
small [tau ()=0.14]. Processes other than complexation
with vanadium likely play a role in fluoride occurrence
in groundwater in the study area, in part because most
groundwater in the study area is oxic and not sufficiently
reducing for V(IV) and V(III) to be present in solution.
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Synthesis of Geologic and
Geochemical Data

Naturally occurring trace elements within groundwater
that originate from aquifer materials and pose potential
public-health hazards if consumed in drinking water are
referred to as geogenic contaminants. Co-occurrence
of geogenic contaminants in groundwater may increase
public-health concerns (Coyte and Vengosh, 2020). The
presence of geogenic contaminants in groundwater in the
study area results from the combined effects of (1) geology;
(2) hydrology; and (3) the aqueous geochemistry of the
different trace elements and of groundwater, especially
redox and pH, but also salinity near dry lakes. Geologic,
hydrologic, and aqueous geochemical processes operate at the
mineral-grain scale and at the aquifer scale, often throughout
long timescales, to produce complex spatial distributions
within aquifers.

The geogenic contaminants arsenic, chromium, uranium,
and vanadium are redox active. Arsenic, chromium, and
vanadium form negatively charged complexes with oxygen,
known as oxyanions, that are generally soluble in oxic,
alkaline groundwater (Rai and Zachara, 1984); uranium
does not form oxyanions but complexes with carbonate and
bicarbonate to form negatively charged ions having aqueous
chemistry similar to the oxyanions (Rai and Zachara, 1984).
The reduced forms of chromium, uranium, and vanadium are
generally insoluble, but the reduced form of arsenic is soluble.
In reduced conditions and alkaline pH (pH>7.5), vanadium
can persist in the oxidized form until iron is reduced and
enters solution (fig. 6). In addition to changes with redox
status, dissolved forms of arsenic, chromium, uranium, and
vanadium change with pH, and different forms have different
sorptive properties. The oxidized forms of chromium and
vanadium do not readily form aqueous complexes with
other dissolved ions, whereas the oxidized form of arsenic
complexes with calcium, and the oxidized form of uranium
complexes with bicarbonate and carbonate. In the absence
of bicarbonate and carbonate, uranium has low solubility. In
reduced groundwater, the solubility of uranium also may be
enhanced through complexation with iron (Ayotte and others,
2011a, b; Stewart and others, 2011).

The western Mojave Desert is highly mineralized
(U.S. Geological Survey, 2005a, b; Smith and others, 2014).
High concentrations of arsenic, chromium, uranium, and
vanadium are present in some rocks in surrounding mountains
and uplands that erode to form unconsolidated aquifers within
the study area.

Mafic, felsic, and extrusive felsic geologic source
terranes identified on the basis of principal component analysis
(PCA) of portable (handheld) X-ray fluorescence (pXRF)
data from surficial alluvium, contribute to the distribution of
geogenic trace elements within unconsolidated deposits that
compose aquifers. Arsenic is regionally abundant in extrusive
(volcanic) felsic rock in the Baja and Centro subareas of

the Mojave River area and in locally derived alluvium, and
arsenic concentrations are greater in alluvium that compose
the floodplain aquifer in the Baja area than along upstream
reaches of the Mojave River (Groover and Izbicki, 2018).
Chromium, regionally low in rocks within the study area, is
locally abundant in alluvium eroded from the Pelona Schist
in the San Gabriel Mountains but also is locally abundant

in alluvium eroded from metamorphic rock in the Joshua
Tree groundwater basin of the Morongo area. Uranium is
regionally abundant in rock in the San Bernardino Mountains
(U.S. Geological Survey, 2005b) but is difficult to measure
and not commonly detected in alluvium eroded from those
rocks. Arsenic, uranium, and vanadium are locally abundant
in extrusive felsic rock and hydrothermally altered rock in
the Baja and Centro subareas and alluvium eroded from these
rocks within the Mojave River area.

Contributions of alluvium eroded from mafic, felsic,
and felsic volcanic source terranes were identifiable in drill
cuttings from wells installed in the study area over the past
two decades (Izbicki and others, 2000; Huff and others, 2002;
Groover and Izbicki, 2018, 2019). Geologic and drill-cutting
data from selected wells show contributions of alluvium
eroded from these various source terranes has changed over
recent geologic time. Movement along the San Andreas Fault
over the last three to five million years created the present-day
Mojave River (Cox and others, 2003), which transported
highly felsic alluvium eroded from the San Bernardino
Mountains into the Mojave Desert. The Mojave River reached
Mojave Valley within the Baja subarea about 500,000 years
ago (Reheis and others, 2012). During this time, contributions
of mafic materials to the Mojave River decreased as mafic
rock within the San Gabriel Mountains was moved to the
northwest along the San Andreas Fault. The more recent
(<500,000 years old, Reheis and others, 2012), highly felsic
deposits along the river compose much of the floodplain
aquifer. As the Mojave River extended farther into the desert,
alluvium eroded from the surrounding uplands contributed to
materials that compose the floodplain aquifer, often altering
its elemental composition, especially within the Baja subarea
(Mojave Valley).

The extent and thickness of the floodplain aquifer is
often poorly defined. The 200 ft thickness used to assign
wells to the floodplain aquifer by Metzger and others (2015)
and within this report does not necessarily coincide with the
thickness of recent, highly felsic alluvium identified as part
of this study. The thickness of recent, highly felsic alluvium
ranges from 200 ft near Victorville and downstream from
the Lenwood-Lockhart and Waterman Canyon fault zones
to a thin veneer, less than 30 ft thick, through the Transition
Zone and downstream parts of Mojave Valley (fig. 5). The
floodplain aquifer is the most productive aquifer in the study
area. Additional drill cuttings from wells installed along the
floodplain aquifer are available for analysis; these additional
drill cuttings could be used to refine estimates of the extent
and thickness of the floodplain aquifer within the Mojave
River area presented in this report (fig. 5).



Although clearly important, geologic materials eroded
from different source terranes are not the sole determining
factor in the occurrence of geogenic elements in groundwater.
Hydrogeology, especially with respect to aquifer recharge and
groundwater age (time since recharge), controls contact time
between aquifer materials and groundwater. Groundwater
age affects mineral weathering, groundwater redox, and
groundwater pH. Consequently, hydrogeology in combination
with aqueous geochemistry may enhance or mitigate the effect
of geologic source terranes on arsenic, chromium, uranium,
and vanadium concentrations in water from wells. The oldest
groundwater, having the highest pH values, is commonly
from deep wells at the downgradient end of long flowpaths
through the regional aquifer of the Mojave River area and
in the Morongo area. Some wells in the floodplain aquifer
within the Mojave Valley (Baja subarea) of the Mojave River
area also have old groundwater. Hausladen and others (2019)
demonstrated that diffusive groundwater flow in fine-textured
deposits also may contribute to increased contact time between
groundwater and aquifer materials, higher pH values, and
increased concentrations of some oxyanion forming trace
elements such as chromium.

The Mojave River floodplain aquifer is readily recharged
by infiltration of intermittent streamflow in the Mojave
River (fig. 44). During present-day conditions, recharge is
more frequent along upstream reaches of the river and less
frequent along downstream reaches (Stamos and others,

2001; Seymour 2016), especially in the Baja subarea (Mojave
Valley) downstream from Barstow. Recently recharged
(post-1952) groundwater along upstream reaches of the
floodplain aquifer (fig. 27) has had limited contact time with
geologic materials with limited mineral weathering, and

this recently recharged water commonly has slightly acidic

to circumneutral pH values that limit desorption of arsenic,
chromium, and vanadium oxyanions from aquifer materials
(fig. 24B) but contribute to the high solubility of uranium
complexes with carbonate and bicarbonate in water from wells
in the floodplain aquifer (fig. 36). Additionally, the generally
coarse texture of deposits within the floodplain aquifer

limits the surface area of mineral grains and the abundance

of aluminum, iron, and manganese oxides that provide
sorption sites on those surfaces (figs. 194—C). Consequently,
concentrations of arsenic, chromium, and vanadium in water
from most wells in the floodplain aquifer are low (figs. 30, 33,
40). However, within the Transition Zone in the Mojave River
area, where treated municipal wastewater may be present,
dissolved-oxygen concentrations were low, and arsenic
concentrations in water from some wells exceeded the EPA
MCL for arsenic of 10 pg/L. In the Centro and Baja subareas
where water levels have declined because of agricultural
pumping in excess of recharge from the Mojave River (Stamos
and others, 2001), increases in alkalinity in agricultural return
water and complexation of uranium with bicarbonate and
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carbonate have resulted in uranium concentrations in water
from some wells that exceeded the EPA MCL for uranium of
30 pg/L (fig. 44).

The regional aquifer in the Mojave River area and
aquifers within the Morongo area are recharged by infiltration
of streamflow in small streams draining the San Bernardino
and San Gabriel Mountains (Izbicki and Michel, 2004).
Present-day recharge by infiltration of streamflow from
mountains farther in the desert and areal recharge from
infiltration of precipitation are scant during present-day
climatic conditions (Stamos and others, 2001; Izbicki and
Michel, 2004; Flint and others, 2013; Flint and Flint, 2014).
Given the small amount of recharge and the large volume of
water in storage, groundwater in much of the regional aquifer
and the Morongo area is often thousands of years old (fig. 27;
Stamos and others, 2001; Izbicki and Michel, 2004; Izbicki
and others, 2004). As previously discussed, long groundwater
flow paths and long contact times between groundwater
and aquifer materials have promoted weathering of silicate
minerals that increased the pH of groundwater (fig. 245B;
Alley, 1993). Because desert aquifer materials do not contain
large amounts of organic material or other natural reductants,
groundwater recharged many thousands of years ago may
be oxic and alkaline, with pH values commonly exceeding
8.0 with measured pH values as high as 9.8 (fig. 24B).

Oxic, alkaline conditions within these aquifers promote the
desorption of oxyanions from aluminum, iron, and manganese
oxides coating the surfaces of mineral grains into groundwater.

Consistent with the geologic abundance of chromium
in mafic rock eroded from the San Gabriel Mountains, 10 of
the 12 highest Cr(VI) concentrations (83 percent) were in
water from wells completed in the regional aquifer within
the Oeste subarea (Sheep Creek fan) of the Mojave River
area, and about 50 percent of the 33 wells exceeding the
former California MCL for Cr(VI) of 10 pg/L (rescinded
September 2017; California State Water Resources Control
Board, 2018) were in this subarea. Despite generally low
chromium abundance outside the Oeste subarea (Sheep Creek
fan), Cr(VI) was present in oxic, alkaline water from wells
elsewhere in the study area at concentrations greater than the
former California MCL of 10 pg/L. In the Copper Mountain
Valley and Joshua Tree groundwater basins (basins 7-011 and
7-062; fig. 41B), chromium-containing metamorphic rocks
from local mountains have eroded to contribute alluvium to
unconsolidated aquifers. Cr(VI) also was present in water
from wells in the Morongo area at concentrations greater
than the former California MCL in parts of the Deadman
Valley groundwater basin (basin 7-013; fig. 41B) that are
completed in felsic, low chromium materials but are isolated
from surficial sources of groundwater recharge and yield oxic,
alkaline aqueous water. Mafic geologic materials containing
chromium and vanadium eroded from rock in the San Gabriel
Mountains also are present within the Victorville fan (Alto
subarea within the regional aquifer).
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Figure 44. Conceptual model of geologic, hydrologic, and geochemical settings within the western Mojave Desert, southern California.

Vanadium was present at concentrations greater
than the California notification level of 50 pg/L in water
from 22 wells in the Victorville fan, largely because of
pH-dependent desorption from surface coatings in highly
alkaline groundwater with pH values greater than 8. Vanadium
is soluble during low redox conditions and persists in reduced
or suboxic groundwater from deeper wells in the Victorville
fan. Reduced or suboxic groundwater within the Victorville
fan also is associated with arsenic concentrations greater than
the EPA MCL of 10 pg/L (fig. 314). Water-level declines as
a result of pumping for public supply from the Victorville
fan have increased the contribution of deeper, highly alkaline
groundwater containing arsenic to wells (Goldrath and others,
2015). Where groundwater within the Victorville fan was oxic,
Cr(VI) was present at concentrations greater than the former
California MCL of 10 pg/L.

Saline groundwater (fig. 24C) associated with
groundwater discharge areas near dry lakes within closed
basins (fig. 44) was not well characterized as part of this
study. However, where sampled, saline groundwater had
concentrations of arsenic, uranium, and vanadium that exceed
various water-quality criteria; however, these sampled wells
are unlikely to be used as sources of public supply. These
elements accumulate in fine-textured materials associated

with mudflat and playa deposits near dry lakes in the study
area. Cr(VI) concentrations in groundwater within playa lakes
were commonly less than the SRL of 1 pg/L even in mafic,
chromium-containing terranes, because reduced conditions
were commonly present in these areas.

Geochemistry of oxyanions at the mineral-grain scale
also affects the occurrence of geogenic contaminants in
groundwater. Chemical-extraction data showed higher
percentages of sorbed arsenic and uranium compared to
chromium and vanadium on the surfaces of mineral grains
(fig. 22). Chromium and vanadium have not weathered
extensively from minerals and when weathered bind tightly
with iron minerals on surface coatings on mineral grains,
making them less available to groundwater during similar
aqueous geochemical conditions than arsenic or uranium
which have weathered more extensively. In addition,
chromium must oxidize to Cr(VI) in the presence of
Mn-oxides (Schroeder and Lee, 1975) to be mobile at the
pH values common in groundwater within the study area
(fig. 24B). Uranium is often difficult to detect in rock and
alluvium but was detectable in extracts from sorption sites
on the surfaces of mineral grains; unlike other elements
discussed in this report, uranium was abundant within extracts
from aquifer material within the floodplain aquifer (fig. 20C).



Once weathered from mineral grains and potentially available
to groundwater, differences in the aqueous geochemistry of
these elements with respect to complexation, sorption, and
redox control concentrations in groundwater. For example,
chromium and vanadium form fewer aqueous complexes and
are more strongly sorbed to surface coatings than arsenic and
uranium. Uranium readily complexes with bicarbonate and
carbonate; the resulting complexes may then complex with
calcium to form large zero-valence, less strongly sorbed ions
in groundwater.

Because of differences in hydrology, mineral weathering,
sorption, and aqueous geochemistry, the relative abundances
of arsenic, chromium, uranium, and vanadium in groundwater
differ from their relative abundances in the continental crust
and their regional abundances in geologic source terranes
within the study area. Vanadium and chromium were present
in rock and alluvium samples at concentrations approximately
two orders of magnitude greater than arsenic and uranium.

Of the four selected oxyanions, vanadium was present

at the highest concentration in water from wells (median
concentration 10.6 ng/L), followed by uranium, arsenic, and
chromium, with respective median concentrations of 3.2,
2.7,and 1.5 ug/L (fig. 29). Water from 22 percent of sampled
wells exceeded the EPA MCL for arsenic of 10 pg/L, with the
highest concentrations in suboxic and reduced groundwater.
Water from about 1 percent of sampled wells had Cr(VI)
concentrations greater than the California MCL for total
chromium, Cr(t), of 50 pg/L, but 13 percent of wells had
Cr(VI) concentrations greater than the former California MCL
of 10 nug/L. Water from about 9 percent of sampled wells
exceeded the EPA MCL for uranium of 30 pg/L. Water from
about 7 percent of sampled wells had vanadium concentrations
greater than the California NL of 50 pg/L. In general,

arsenic concentrations were higher in wells with reduced

or suboxic water, chromium concentrations were higher in
wells with oxic, alkaline water (7.5<pH<8.0), and vanadium
concentrations were higher in highly alkaline water (pH>8.0).

In contrast to the other oxyanions, uranium
concentrations were generally higher in circumneutral
(6.9<pH<7.1) to slightly alkaline water (7.2<pH<7.5) and
concentrations decreased with increases in pH, possibly as a
result of complexation of uranium bicarbonate and carbonate
complexes with calcium and subsequent precipitation of
carbonate minerals. In the study area, uranium and vanadium
concentrations in groundwater were independent of redox
status. Previous work shows that uranium is rapidly removed
from reduced groundwater in the San Joaquin Valley of
California (Rosen and others, 2019) and elsewhere in the
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United States (DeSimone and others, 2014; Thiros and others,
2014; Bauch and others, 2015). However, uranium has been
shown to persist in reduced groundwater within some aquifers
through complexation with iron (Ayotte and others, 2011b;
Stewart and others, 2011). Uranium concentrations in water
from wells in the study area were not correlated with iron or
manganese concentrations, and the lack of demonstrable redox
control on uranium concentrations (fig. 384) may indicate
the generally oxic, alkaline composition of groundwater,
including the absence of highly reducing conditions required
to reduce soluble U(VI) to insoluble U(IV).

Cr(VI) was not commonly present in reduced water that
does not contain measurable dissolved oxygen, but Cr(VI)
was present in some groundwater classified as reduced based
on manganese concentrations greater than 50 pug/L using
the approach of McMahon and Chapelle (2008). Revision
of the McMahon and Chapelle (2008) approach to redox
classification to include Cr(VI) along with manganese
may yield more accurate redox classification results in
future studies.

Naturally occurring, geogenic contaminants in
groundwater can be affected by human activity other than
anthropogenic releases of these elements (fig. 44). Arsenic
concentrations can exceed the EPA MCL of 10 pg/L
in aquifers affected by discharges of treated municipal
wastewater because of changes in redox potential. Uranium
concentrations in groundwater greater than the EPA MCL
for uranium of 30 ng/L were present in areas such as the
Mojave Valley that are impacted by irrigation return (fig. 44).
Geochemical conditions, including pH and redox, may change
as water levels decline and shallower, younger groundwater
is removed from aquifers. Water levels in wells located
in the Victorville fan have declined because of pumping
for public supply (Goldrath and others, 2015); however,
water-level declines may be more pronounced in shallow
aquifers in close proximity to bedrock, such as the Ames
Valley groundwater basin (basin 07-016; fig. 41B8) near Pipes
Wash within the Morongo area, parts of the Middle Mojave
River Valley groundwater basin in the Mojave River area
(basin 6-041; fig. 24; Izbicki and Groover, 2018), or near
buried lake deposits, including lake deposits within the Baja
subarea (Mojave Valley). Groundwater-level declines have
similarly affected geogenic arsenic, chromium, uranium,
or vanadium concentrations in groundwater throughout the
United States (Izbicki and others, 2008c; Ayotte and others,
2011b; DeSimone and others, 2014; Thiros and others, 2014;
Bauch and others, 2015; Rosen and others, 2019; Coyte and
Vengosh, 2020).
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Aquifer recharge with water imported from northern
California is used in parts of the floodplain aquifer
(Stamos and others, 2002; Mojave Water Agency, 2020)
and in the regional aquifer within the Mojave River area
(Izbicki and Stamos, 2002; Izbicki and others, 2008a; Mojave
Water Agency, 2020). Within the Morongo area, aquifer
recharge with imported water also is used in the Ames Valley
groundwater basin (basin 7-016; fig. 418) near Pipes Wash,
Joshua Tree groundwater basin (basin 7-062; fig. 41B8), Warren
Valley groundwater basin (basin 7-012; fig. 41B) and has been
proposed for the Lucerne Valley groundwater basin (basin
7-019; fig. 41B; Environmental Science Associates, 2009;
Stamos and others, 2013; Mojave Water Agency, 2020). Water
imported to these areas is commonly infiltrated from ponds
through the unsaturated zone to the water table. In
some parts of the regional aquifer within the Mojave
River area and in parts of the Morongo area, the thickness
of the unsaturated zone may be several hundred feet.
The abundance and mobility of trace elements within the
unsaturated zone may affect the quality of recharge water
when it reaches the water table. Arsenic is strongly sorbed to
aquifer materials and incorporated into refractory crystalline
iron and manganese oxides on the surfaces of mineral grains
and not readily mobilized during aquifer recharge through
the unsaturated zone (Izbicki and others, 2015b). In contrast,
uranium is often mobilized as recharge water is infiltrated
from ponds through unsaturated deposits in the southwestern
United States (Thiros and others, 2014). Mobilization of
uranium results from a combination of complexation with
bicarbonate along with pH changes during recharge. Uranium
mobilization during aquifer recharge may be an issue along
much of the floodplain aquifer, especially in areas having
a history of agricultural land use (Jurgens and others,
2010; Thiros and others, 2014; Izbicki and others, 2015b).
Chromium in mafic alluvium in the Sheep Creek fan may be
mobilized during aquifer recharge, especially if Cr(III) sorbed
to mineral grains is oxidized to Cr(VI) in the presence of
manganese oxides during recharge. Thinner deposits of silty,
chromium-containing mafic alluvium present within alluvium
along the western margin of the Sheep Creek fan may enable
groundwater recharge in that area; thicker deposits of mafic
alluvium present at increasingly greater depths eastward
of the Sheep Creek fan and within the Victorville fan may
inhibit groundwater recharge in that area and increase Cr(VI)
concentrations in recharged water. Although each site would
likely need to be considered individually, trace element
concentrations in samples of alluvium and drill cuttings
(Groover and Izbicki, 2018) and sequential extraction data
presented in this report can be used with hydrogeologic data
(including hydrologic characteristics and thickness of the
unsaturated zone) to evaluate the suitability of selected arecas
for aquifer recharge with imported water.

Conclusions

In cooperation with the Mojave Water Agency (MWA),
the U.S. Geological Survey completed a study of trace
element concentrations in rock, unconsolidated materials
(including surficial alluvium, and drill cuttings from wells),
and groundwater within the 3,500 square mile Mojave River
and Morongo areas of the western Mojave Desert, southern
California. Trace elements addressed in this study included
the geogenic contaminants arsenic, hexavalent chromium,
uranium, and vanadium. These elements were examined
because they are known to be present naturally in groundwater
in the study area at concentrations of concern for public health.
Concentrations of arsenic, chromium, uranium, and vanadium
were measured in (1) samples of rock, surficial alluvium, and
drill cuttings using portable (handheld) X-ray fluorescence
(pXRF); (2) in operationally defined fractions extractable from
these materials; and (3) in groundwater samples collected from
wells between 2000 and 2018.

Some geologic materials within the study area are
highly mineralized. Erosion of mafic and intrusive (plutonic)
and extrusive (volcanic) felsic geologic source terranes in
upland areas contributed to arsenic, chromium, uranium,
and vanadium within unconsolidated deposits that compose
aquifers in the Mojave River and Morongo areas. These
elements form negatively charged complexes with oxygen
that have some similarities in their aqueous geochemistry with
respect to redox, pH-dependent sorption, and complexation
that promote their occurrence in alkaline, oxic groundwater.

Regionally, arsenic and vanadium concentrations in rock
samples commonly exceeded concentrations in the average
bulk continental crust, with the highest concentrations in
extrusive felsic (volcanic) source terranes in the northern
part of the Mojave River area. In contrast, chromium
concentrations in rock samples generally were lower than
average bulk continental crust concentrations, although high
chromium concentrations were present in mafic rock samples
from the San Gabriel Mountains and in mafic and basaltic
rock samples from other parts of the study area. Uranium
concentrations in rock samples were commonly less than the
study reporting levels and presumably less than the average
bulk continental crust concentration in much of the study
area, although high uranium concentrations were present in
hydrothermal rock samples within extrusive felsic source
terranes and have been reported for intrusive felsic (granitic)
rock in the San Bernardino Mountains.



Recent alluvium eroded from felsic source terranes
in the San Bernardino Mountains was present along the
length of the Mojave River through Mojave Valley to
its terminus east of Afton Canyon more than 100 miles from
the mountain front. Upstream from Barstow, about 55 miles
from the mountain front, these recent deposits are surrounded
and underlain by more mafic material eroded from the
San Gabriel Mountains and deposited by the ancestral Mojave
River. The thickness of the floodplain aquifer, which locally
overlies the regional aquifer, is often poorly defined but
ranges from more than 200 ft upstream from Victorville to a
thin veneer in the Transition Zone of the Alto subarea and in
Mojave Valley.

Groundwater in the study area was generally oxic and
alkaline (pH>7.5). Maximum arsenic, hexavalent chromium
[Cr(VD)], uranium, and vanadium concentrations in water
from as many as 498 wells sampled between 2000 and
2018 were 360, 140, 1,470, and 690 micrograms per liter
(ng/L), respectively. Water from 22 percent of sampled wells
exceeded the U.S. Environmental Protection Agency (EPA)
maximum contaminant level (MCL) for arsenic of 10 pg/L.
About 1 percent of sampled wells had Cr(VI) concentrations
greater than the California MCL for total chromium,

Cr(t), of 50 ng/L, although 13 percent of wells had Cr(VI)
concentrations greater than the former California MCL of

10 pg/L. About 9 percent of sampled wells exceeded the EPA
MCL for uranium of 30 pg/L, and about 7 percent of sampled
wells had vanadium concentrations greater than the California
notification level (NL) for vanadium of 50 ug/L. In general,
arsenic concentrations were higher in wells with suboxic

or reduced water, chromium concentrations were higher in
wells with oxic, alkaline water, and vanadium concentrations
were higher in highly alkaline water (pH>8.0) independent

of redox conditions. Uranium concentrations were higher in
wells with slightly alkaline water (pH 7.2<7.4) than in wells
with more alkaline water. Uranium concentrations persisted in
groundwater classified as suboxic or reduced because redox
potential was insufficiently low to reduce uranium as uranyl,
U(VI), to the relatively insoluble uranates, U(IV) and U(V).

The concentrations of arsenic, chromium, uranium, and
vanadium in groundwater are a function of their (1) geologic
abundances within aquifer materials; (2) the fractions of these
elements that have weathered from and sorbed to the surfaces
of mineral grains and are potentially available to groundwater;
and (3) the aqueous chemistry of the different oxyanions and
of groundwater, including redox status and pH, which are
affected by the hydrologic setting—especially the length of
time groundwater has been in contact with aquifer materials.
Given their geologic abundance in rock and alluvium, arsenic
and uranium concentrations were relatively high within
groundwater in the study area compared to chromium and
vanadium concentrations within groundwater.

At the mineral-grain scale, arsenic and uranium have
weathered more extensively from mineral grains than
chromium or vanadium. Additionally, arsenic tends to form
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complexes with calcium, and uranium complexes with
bicarbonate and carbonate and may form large zero valence
complexes with calcium. Because of their size and valence,
arsenic and uranium complexes are less strongly sorbed to
surface exchange sites on mineral grains than chromium and
vanadium, which form few aqueous complexes and tend to be
more strongly sorbed. Furthermore, chromium and vanadium
are readily substituted within refractory iron minerals on the
surfaces of mineral grains, and trivalent chromium [Cr(III)]
must be oxidized to Cr(VI) in the presence of manganese
oxides before becoming potentially soluble in groundwater. In
contrast, the reduced form of arsenic, As(Ill), is soluble during
reduced conditions.

At the aquifer scale, hydrogeology, especially with
respect to aquifer recharge and groundwater age (time since
recharge), controls contact time between aquifer materials
and groundwater. Long groundwater flow paths, consistent
with isolation from surface sources of groundwater recharge,
lead to long contact times between groundwater and aquifer
materials; these long contact times promote weathering
of silicate minerals that increases the pH of groundwater,
thereby increasing desorption of arsenic, chromium as
Cr(VI), and vanadium, and increasing their concentrations
as long as groundwater remains oxic (oxic conditions are
especially important for Cr(VI) to remain in solution). Saline
groundwater within fine-textured materials associated with
mudflat/playa deposits near dry lakes at the terminus of long
flow paths through aquifers within the study area had high
concentrations of arsenic, uranium, and vanadium.

In addition to natural processes, the concentrations
of geogenic contaminants in groundwater can be affected
by anthropogenic activities, even those that do not directly
release these constituents to groundwater. These activities
include discharges of treated municipal wastewater that
may change redox conditions within the floodplain aquifer,
promoting mobilization of arsenic. Irrigation return from
agricultural land use overlying the floodplain aquifer may
change the major-ion chemistry of groundwater, especially
bicarbonate concentrations, that increased the solubility of
uranium in the Centro and Baja groundwater-management
subareas. Water-level declines caused by groundwater
pumping may change the distribution of groundwater flow
from aquifers into wells. This change in the distribution
of flow may cause wells to yield water from progressively
deeper deposits that have different chemistry with respect to
redox, pH, and higher concentrations of some trace elements.
Changes in the chemistry of wells with water-level declines
were noted for deep wells in the Victorville fan within the
Alto groundwater-management subarea and for wells in thin,
unconsolidated aquifers overlying weathered bedrock and
bedrock aquifers. The quality of water imported from northern
California and infiltrated from ponds may be altered by
naturally present trace elements, especially uranium in areas of
agricultural land use or chromium within mafic alluvium.
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Appendix 1. Boreholes Having Portable (Handheld) X-ray Fluorescence Data
from Drill Cuttings, Western Mojave Desert, Southern California

This appendix contains a table of site information for
boreholes having portable (handheld) X-ray fluorescence
data used in this report (table 1.1 available for download
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Appendix 2. Well Identification and NWIS Record Numbers for Wells Sampled

in the Western Mojave Desert

This appendix contains a table (table 2.1) of site
information and record numbers for wells sampled as part
of this study between July 2016 and October 2016 and
for wells sampled as part of the Groundwater Ambient
Monitoring Assessment Program, Priority Basin Project,
Mojave Basin Domestic-Supply Aquifer study (shown
in a data release by Groover and others, 2019) between
January and May 2018 (table 2.1 available for download
at https://doi.org/10.3133/sir20235089). Site information
includes State well number, U.S. Geological Survey well
number, local name, well location, well construction, and
water use information. Sample record numbers for available
water chemistry and isotope data are provided. Data are
available in the U.S. Geological Survey National Water

Information System (NWIS; U.S. Geological Survey, 2018).

Additional data used in this study from wells sampled by
Metzger and others (2015) are available in U.S. Geological
Survey (2018).
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