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Multiply By To obtain

Length

inch (in.) 254 centimeter (cm)

inch (in.) 25.4 millimeter (mm)

foot (ft) 0.3048 meter (M)

mile (mi) 1.609 kilometer (km)
Area

square foot (ft?) 0.09290 square meter (m?)

sguare mile (mi?) 2.590 square kilometer (km?)

Flow rate
cubic foot per second (ft¥/s) 0.02832 cubic meter per second (m?/s)
inch per year (infyr) 254 millimeter per year (mm/yr)
Radioactivity
picocurie per liter (pCi/L) 0.037 becquerel per liter (Bg/L)

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)/1.8

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

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

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft¥/d)/ft?]ft. In this report, the mathematically reduced form, foot
squared per day (ft¥d), is used for convenience.

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

Concentrations of chemical constituents in water are given either in milligrams per liter
(mg/L) or micrograms per liter (ug/L). One milligram per liter is equivalent to 1 part per million
(ppm); 1 microgram per liter is equivalent to 1 part per billion (ppb). Activities for radioactive
constituents are given in picocuries per liter (pCi/L) or tritium units (TU).
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Status and Understanding of Groundwater Quality in the
Cascade Range and Modoc Plateau Study Unit, 2010:
California GAMA Priority Basin Project

By Miranda S. Fram and Jennifer L. Shelton

Abstract

Groundwater quality in the Cascade Range and Modoc
Plateau study unit was investigated as part of the California
State Water Resources Control Board's Groundwater Ambient
Monitoring and Assessment (GAMA) Program Priority Basin
Project. The study was designed to provide a statistically
unbiased assessment of untreated groundwater quality in the
primary aquifer system. The depth of the primary aquifer
system for the Cascade Range and Modoc Plateau study
unit was delineated by the depths of the screened or open
intervals of wells in the State of California's database of
public-supply wells. Two types of assessments were made:

a status assessment that described the current quality of the
groundwater resource, and an under standing assessment that
made evaluations of relations between groundwater quality
and potential explanatory factors representing characteristics
of the primary aquifer system. The assessments characterize
the quality of untreated groundwater, not the quality of treated
drinking water delivered to consumers by water distributors.

The status assessment was based on water-quality
data collected in 2010 by the U.S. Geological Survey from
90 wells and springs (USGS-grid wells) and on water-quality
data compiled from the State of California’'s regulatory
compliance database for samples collected from 240 public-
supply wells between September 2007 and September 2010.
To provide context, the water-quality data discussed in this
report were compared to California and Federal drinking-
water regulatory and non-regulatory benchmarks for treated
drinking water. Groundwater quality is defined in terms
of relative concentrations (RCs), which are calculated by
dividing the concentration of a constituent in groundwater by
the concentration of the benchmark for that constituent. The
RCs for inorganic constituents (major ions, trace elements,
nutrients, and radioactive constituents) were classified
as“high” (the RC is greater than 1.0, indicating that the
concentration is above the benchmark), “moderate” (the RC
isfrom 1.0 to greater than 0.5), or “low” (the RC islessthan
or equal to 0.5). For organic constituents (volatile organic
compounds and pesticides) and special-interest constituents

(perchlorate), the boundary between moderate and low RCs
was set at 0.1. All benchmarks used for organic constituents
were health-based. For inorganic constituents, health-based
and aesthetic-based benchmarks were used. Constituents
without benchmarks were not considered in the status
assessment.

The primary metric used for quantifying regional-scale
groundwater quality was the aquifer-scale proportion—the
areal percentages of the primary aquifer system with high,
moderate, and low RCsfor a given constituent or class of
constituents. The study unit was divided into six study areas
on the basis of geologic differences (Eastside Sacramento
Valley, Honey Lake Valley groundwater basin, Cascade Range
and Modoc Plateau Low Use Basins, Quaternary Volcanic
Areas, Shasta Valley and Mount Shasta Volcanic Area, and
Tertiary Volcanic Areas), and each study areawas divided
into equal-area grid cells. Aquifer-scale proportions were
calculated for individual constituents and constituent classes
for each of the six study areas and for the study unit as awhole
by using grid-based (one well per cell) and spatially weighted
(many wells per cell) statistical methods.

The status assessment showed that inorganic constituents
were present at high and moderate RCsin greater proportions
of the Cascade Range and Modoc Plateau study unit than
were organic constituents. One or more inorganic constituents
with health-based benchmarks were present at high RCs
in 9.4 percent, and at moderate RCsin 14.7 percent of the
primary aquifer system. Arsenic was present at high RCsin
approximately 3 percent of the primary aquifer system; boron,
molybdenum, uranium, and vanadium each were present at
high RCsin approximately 2 percent of the primary aquifer
system. One or more inorganic constituents with aesthetic-
based benchmarks were present at high RCsin 15.1 percent
of the primary aquifer system and at moderate RCs in
4.9 percent. Manganese, iron, and total dissolved solids were
present at high RCs in approximately 12 percent, 5 percent,
and 2 percent, respectively, of the primary aquifer system.

Organic constituents were not detected at high or
moderate RCsin the primary aquifer system, and one or
more organic constituents were detected at low RCsin
approximately 40 percent of the primary aquifer system.
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Two classes of organic constituents were detected
in more than 10 percent of the primary aquifer system:
trihalomethanes (chloroform only) and herbicides. The special
interest constituent perchlorate was not detected at high RCs,
but was detected at moderate RCs in approximately 2 percent
of the primary aquifer system.

The understanding assessment relied on statistical tests
to evaluate relations between concentrations of constituents
and values of potential explanatory factors representing
geology, land use, well construction, hydrologic conditions,
groundwater age, and geochemical conditions.

The magjority of the high and moderate RCs of arsenic,
boron, molybdenum, uranium, and total dissolved solids
were in samples from the Honey Lake Valley groundwater
basin study area. Groundwater mixing with hydrothermal
fluids present in the study area, evaporative concentration of
groundwater in the Honey Lake playa, presence of uranium-
bearing sediment derived from the adjacent Sierra Nevada,
and release of arsenic and other trace elements from sediments
under high pH and low dissolved oxygen conditions al
appeared to contribute to these elevated concentrations.
Thermal springs are in many parts of the Cascade Range
and Modoc Plateau study unit and could account for locally
elevated concentrations of arsenic, boron, molybdenum, and
total dissolved solids in samples from the other study aress.
Vanadium concentrations were greater in oxic samplesthan in
anoxic samples, but were not correlated with pH, contrary to
expectations from previous studies.

Organic constituents were not detected at high or
moderate RCs, and the occurrence of low organic constituents
at low RCsranged from 27 percent to 73 percent of the
primary aquifers system in the six study areas. The Shasta
Valley and Mount Shasta Volcanic study area had significantly
greater occurrence of low RCs of herbicides compared to
all of the other study areas, which could reflect the greater
prevalence of modern groundwater in the Shasta Valley
and Mount Shasta Vol canic study area and the presence
of potential sources of herbicides, including applications
to timberlands and roadside rights-of-way. The Eastside
Sacramento Valley study area had the greatest occurrence of
low concentrations of chloroform, and chloroform occurrence
was most strongly associated with the combination of septic-
tank density greater than two tanksper square kilometer and
urban land use greater than 10 percent within a radius of
500 meters of the well. These conditions were most prevalent
in the Eastside Sacramento Valley study area. The detection
frequency of low concentrations of perchlorate was consistent
with the probability of occurrence expected under natural
conditions, except in the Eastside Sacramento Valley study
area, where detection frequencies were much higher than
expected and could not be explained by known anthropogenic
sources of perchlorate.

Introduction

Groundwater composes approximately half of the
water used for public and domestic drinking-water supply in
Cdlifornia (Kenny and others, 2009). To assess the quality
of ambient groundwater in aquifers used for drinking-
water supply and to establish a baseline groundwater-
quality monitoring program, the California State \Water
Resources Control Board (SWRCB), in cooperation with the
U.S. Geological Survey (USGS) and Lawrence Livermore
National Laboratory (LLNL), implemented the Groundwater
Ambient Monitoring and Assessment (GAMA) Program
(website at http://Amww.water boards.ca.gov/gama/). The
SWRCB initiated the GAMA Program in 2000 in response
to a Legidlative mandate (State of California, 1999, 20014).
The statewide GAMA Program currently consists of four
projects: (1) the GAMA Priority Basin Project, carried out by
the USGS (website at http://ca.water.usgs.gov/gama/); (2) the
GAMA Domestic Well Project, carried out by the SWRCB,;
(3) the GAMA Special Studies, carried out by LLNL, and
(4) the GeoTracker GAMA on-line groundwater information
system, managed by the SWRCB. The SWRCB’s GAMA
Domestic Well Project sampled private domestic wellson a
voluntary, first-come-first-serve basis in six counties between
2002 and 2011. From 2004 through 2012, the GAMA Priority
Basin Project did water-quality assessments for groundwater
resources used for public drinking-water supplies. The
groundwater resources used for public-drinking water supplies
typically are deeper than the groundwater resources used for
domestic drinking-water supplies. In 2012, the GAMA Priority
Basin Project began water-quality assessments of shallow
aquifers, the groundwater resources typically used for private
domestic and small system drinking-water supplies.

The GAMA Priority Basin Project wasinitiated in
response to the Groundwater Quality Monitoring Act of 2001
to assess and monitor the quality of groundwater in California
(State of California, 2001b). It is a comprehensive assessment
of statewide groundwater quality designed to help understand
and identify risks to groundwater resources better and to
increase the availability of information about groundwater
quality to the public. For the GAMA Priority Basin Project,
the USGS, in cooperation with the SWRCB, developed a
monitoring plan to assess groundwater basins through direct
sampling of groundwater and other statistically reliable
sampling approaches (Belitz and others, 2003; California State
Water Resources Control Board, 2003). Additional partners
in the GAMA Priority Basin Project include the California
Department of Public Health (CDPH), California Department
of Pesticide Regulation (CDPR), California Department of
Water Resources (CDWR), and local water agencies and well
owners (Kulongoski and Belitz, 2004).

The ranges of hydrologic, geologic, and climatic
conditions in California were considered in the design of
the statewide assessment of groundwater quality. Belitz and
others (2003) partitioned the state into 10 hydrogeol ogic
provinces, each with distinctive hydrologic, geologic, and
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climatic characteristics (fig. 7). All these hydrogeol ogic
provinces include groundwater basins designated by the
CDWR (Cdlifornia Department of Water Resources, 1980;
2003). Groundwater basins generally consist of relatively
permeable, unconsolidated deposits of alluvial origin.

Eighty percent of the approximately 16,000 active and
standby public-supply wells listed in the statewide database
maintained by the CDPH (hereinafter referred to as CDPH
wells) are in CDWR-designated groundwater basins. [The
CDPH Drinking Water Program which regulated water

quality in public-supply wells was transferred to the SWRCB
Division of Drinking Water on July 1, 2014, however the

label “CDPH” isretained in this report for consistency with
other GAMA Priority Basin Project publications and because
the CDPH had jurisdiction over public-supply wells at the
time that samples were collected for this study.] Twenty
percent of the CDPH wells are in areas composed of igneous,
metamorphic, or volcanic rocks, rather than in alluvial basins.
Groundwater basins were prioritized for sampling on the basis
of the number of CDPH wells in the basin, with secondary
consideration given to municipal groundwater use, agricultural
pumping, the number of historically leaking underground fuel
tanks, and the number of square-mile (mi2) sections having
registered pesticide applications (Belitz and others, 2003).

Of the 472 basins designated by the CDWR, 116 contained
approximately 95 percent of the CDPH wellsin groundwater
basins. These 116 basins were defined as “priority basins,” and
the remaining 356 basins were defined as “low-use basins”
(Belitz and others, 2003). All of the priority basins, selected
low-use basins, and selected areas outside of groundwater
basins were grouped into 35 GAMA Priority Basin Project
study units that together represent approximately 95 percent of
all CDPH wells. The entire Cascade Range and Modoc Plateau
hydrogeologic province was defined as the Cascade Range and
Modoc Plateau (CAMP) study unit (fig. 7). The CAMP study
unit includes 3 priority basins, 47 low-use basins, and areas
outside of groundwater basins.

The GAMA Priority Basin Project was designed to
produce three types of water-quality assessments for each
study unit: (1) Status, the assessment of the current quality of
the groundwater resource; (2) Understanding, the identification
of the natural and human factors affecting groundwater quality
and an explanation of the relations between water quality and
selected explanatory factors; and (3) Trends, the detection of
changes in groundwater quality over time (Kulongoski and
Belitz, 2004). These three objectives were modeled after those
of the USGS National Water Quality Assessment (NAWQA)
Program (Hirsch and others, 1988). The assessments are
intended to characterize the quality of groundwater in the
primary aquifer system of the study unit, not the treated
drinking water delivered to consumers by water purveyors.
The primary aquifer system for a study unit is defined by the
depths of the screened or open intervals of the wellslisted in
the CDPH database for the study unit. The CDPH database
lists wells used for public drinking-water supplies and
includes wells from systems classified as community (such as
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cities, towns, and maobile-home parks); non-transient, non-
community (such as schools, workplaces, and restaurants); and
transient, non-community (such as campgrounds, parks, and
highway rest areas) (California Department of Public Health,
2013a). The purpose of the CDPH database is to house water-
quality data for samples collected from public-supply wells for
regulatory compliance. Groundwater quality in shallower or
deeper parts of the aquifer system can differ from that in the
primary aquifer system. In particular, shallower groundwater
may be more vulnerable to surface contamination.

The purposes of this report are to provide (1) a study
unit description of the hydrogeologic setting of the CAMP
study unit, (2) a status assessment of the current status of
groundwater quality in the primary aquifer system of the
CAMP study unit, and (3) an understanding assessment
that identifies the natural and human factors that could be
affecting groundwater quality in the CAMP study unit and a
discussion of statistical tests of relations between groundwater
quality and potential explanatory factors. Temporal trendsin
groundwater quality are not discussed in this report. Noble
gas data provided by the Lawrence Livermore National
Laboratory that were not available at the time of publication
of the Data-Series Report (Shelton and others, 2013) are
presented in appendix E of this report.

Features of the hydrogeologic setting are described
for the six study areas. Geology, land-use patterns, and
hydrology in the study areas are summarized. Characteristics
of the primary aquifer system, including geology, land
use, hydrologic conditions, depth, groundwater age, and
geochemical conditions are described by using ancillary data
compiled for the 90 wells and springs sampled by the USGS
for the GAMA Priority Basin Project (USGS-GAMA) in the
CAMP study unit.

The status assessment is designed to provide a
statistically representative characterization of groundwater
quality in the primary aquifer system at the study-unit
scale (Belitz and others, 2003; 2010). This report describes
methods used in designing the sampling networks for the
status assessment and estimating aquifer-scale proportions
for constituents (Belitz and others, 2010). Aquifer-scale
proportion is defined as the areal proportion of the primary
aquifer system with groundwater of defined quality (Belitz
and others, 2010). Water-quality data from 262 wells were
used in the status assessment: 90 wells sampled by USGS-
GAMA for the CAMP study unit (Shelton and others, 2013)
and 172 other wellsin the CDPH database within the study
unit that had water-quality data for samples collected between
September 16, 2007, through September 16, 2010. Two
methods were used to cal cul ate aquifer-scale proportions
from these data, both of which were based on a 90-cell grid
covering the CAMP study unit; the methods either used data
from one well per cell (grid-based method) or from many
wells per cell (spatialy weighted method) (Belitz and others,
2010). Aquifer-scale proportions for constituents and classes
of constituents were computed for the CAMP study unit asa
whole and for the six study areas within the study unit.



4 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010
e 124° 122° 120° 118° 116° 114°
Klamath | Cascade Range and
Mountai Modoc Plateau
! (CAMP) study unit
400
Northern
Coast
R Sierra
Nevada
7
k | O
ol ,7
38° Y
| Basin and Ra
Francisco
3° ) X
'70 Southern Coast S
{(\ Bakersfield
7~
Q
OO
<,
‘ Py
" Transverse Ranges and b2
selected Peninsular Ranges %
N
v
<
San Diego |
Drainages -/ ,.J
I e
San Diego?
& MEXICO
Base modified from U.S. Geological Survey and other 0 100 200 MILES
Federal and State digital data, various scales f T ! T !
Albers Equal Area Projection 0 100 200 KILOMETERS
North American Datum of 1983
Figure 1. Location of the Cascade Range and Modoc Plateau (CAMP) study unit, California Groundwater Ambient Monitoring and

Assessment (GAMA) Program Priority Basin Project, and the California hydrogeologic provinces.



To provide context, the water-quality data discussed in
this report were compared to California and Federal drinking-
water regulatory and non-regulatory benchmarks for treated
drinking water. Groundwater quality is defined in terms
of relative-concentrations (RCs), which are calculated by
dividing the concentration of a constituent in groundwater
by the concentration of the benchmark for that constituent.
The assessments in this report characterize the quality of
untreated groundwater resources in the primary aquifer system
in the study unit, not the treated drinking water delivered to
consumers by water purveyors. After withdrawal from the
ground, water may be treated, disinfected, and (or) blended
with other waters to maintain acceptable water quality.
Regulatory benchmarks apply to treated water that is served to
the consumer, not to untreated groundwater.

The understanding assessment evaluates relations
between groundwater quality and potential explanatory
factors by using statistical tests. Potential explanatory factors
examined include aquifer lithology, study area, land use near
the well, septic and underground storage-tank densities near
the well, depths to the top and bottom of the open or screened
interval in the well, aridity index, groundwater age, oxidation-
reduction conditions, and pH.

Study-Unit Description

The CAMP study unit covers an area of approximately
15,000 mi? (39,000 square kilometers [km?]) in Siskiyou,
Modoc, Shasta, Lassen, Tehama, Plumas, and Butte Counties
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(fig. 2). The study unit corresponds to the Cascade Range and
Modoc Plateau hydrogeologic province in the northeastern
corner of the State (fig. /; Belitz and others, 2003). The
province is defined on the basis of geologic and State
boundaries; it is bounded to the west by the Mesozoic and
Paleozoic rocks of the Klamath Mountains province, to the
south by Mesozoic and Paleozoic rocks of the Sierra Nevada
province, to the southwest by the Cenozoic sediment deposits
of the Central Valley province, to the north by the Oregon
State line, and to the east by the Nevada State line (fig. 2).
Hydrologic features of the CAMP study unit belong to
three major watersheds: the Sacramento River watershed
(CDWR basin numbers beginning with 5-), the Klamath River
watershed (CDWR basin numbers beginning with 1-), and
closed basins of the North Lahontan region (CDWR basin
numbers beginning with 6-) (fig. 3) (California Department
of Water Resources, 2003). The largest river in the study unit,
the Pit River, flows across the study unit from south of Goose
Lake in the northeast to L ake Shasta on the Sacramento River
in the southwest. The headwaters of the Sacramento River
are on the southwestern slopes of Mount Shasta. Creeksin
the southwestern part of the study unit flow into the main
stem of the Sacramento River. Along the Oregon border, the
Lost River drainage, including Clear Lake and Tule Lake, is
connected to the Klamath River by a set of canals and tunnels
(not shown). The Shasta River flows through Shasta Valley
and enters the Klamath River below Iron Gate Dam. In the
North Lahontan region along the Nevada border, the basins are
closed basins; rivers drain into perennial or intermittent lakes
within the basins.
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Figure 2. Geologic features of the Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient
Monitoring and Assessment (AMA) Program Priority Basin Project.



EXPLANATION

Simplifed geologic units
Volcanic

Quaternary, mostly mafic, volcanic rocks (Qv, Qrv)
Tertiary, mostly mafic, volcanic rocks (Tv, Ti)

Pyroclastic deposits (Qvp, Qurp, Tvp)

Sedimentary

Quaternary alluvium (Q)
Other quaternary sediments (Qg, Qls, Qs)
Plio-Pleistocene sediment (QPc)

E. Tertiary nonmarine sediment (Ec, Mc, Ogc, Tc)

Metamorphic

Franciscan complex (KJf, KJFm, KJFs, TK)

Plutonic

Granitic rocks (gr, grCz, grMz, grpC, grPz)
Ultramafic/mafic rocks (um, gb)

Other
Water

BN RON BECD BON

== Hydrologic provinces

—— — — County boundary

Faults

Codes in parenthesis are the geologic types from Saucedo and others
(2000) included in each unit. Wells sampled by U.S. Geological
Survey-Groundwater Ambient Monitoring and Assessment Program
for this study are located in the bold codes (table A1).

Figure 2. —Continued

Metasedimentary rocks (Is, C, D, J, K, K, Ku, Pm, Pz, SO, Tr, Ca)

Other metamorphic rocks (gr-m, m, mv, Mzv, pCc, Pzv, pC, sch)
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Climate in the Cascade Range and Modoc Plateau
hydrogeol ogic province primarily varies with elevation and
location relative to mountain ranges. Land-surface elevations
in the study unit range from approximately 1,500 feet (ft)
along the margin of the Sacramento Valley to 14,179 ft on
Mount Shasta. Precipitation is greatest on the western side
of the study unit, reaching up to 80 inches per year
(in/yr) on Mount Shasta and up to 120 in/yr in high elevations
in Lassen Volcanic National Park (PRISM Climate Group,
Oregon State University, 2010). Elevation ranges from
4,000 to 5,500 ft throughout most of the central and eastern
parts of the study unit, and climate is classified as the Great
Basin desert (defined as high, cold desert). The central and
eastern parts of the study unit are in the rain shadow of the
Cascade Range and the Shasta Valley isin the rain shadow
of the Klamath Mountains. Average annual precipitation
is 1020 infyr in most of the central and eastern area and
2040 in/yr at higher elevations (Western Regional Climate
Center, 2010). Much of the precipitation in the entire study
unit falls as snow, particularly at elevations above 4,500 ft,
and nearly all of the precipitation falls in the winter (between
November and May). Summers are hot and dry.

The CAMP study unit consists entirely of Cenozoic-
age volcanic and sedimentary rocks and deposits (fig. 2).

It was divided into six study areas on the basis of geologic
features (fig. 4). The objective of dividing the study unit into
these study areas was to investigate potential differencesin
groundwater quality among these geologically distinct aquifer
systems. Four of the study areas correspond to CDWR-
defined groundwater basins (California Department of Water
Resources, 1980; 2003), and two correspond to mapped
geologic units (Jennings, 1977; Saucedo and others, 2000)
(appendix A).

CAMP-ES study area: Eastside Sacramento Valley,

CAMP-HL study area: Honey Lake Valley groundwater
basin,

CAMP-LU study area: Cascade Range and Modoc
Plateau Low Use Basins,

CAMP-QV study area: Quaternary Volcanic Areas
mapped as Qv on the State geologic map,

CAMP-SH study area: Shasta Valley and Mount Shasta
Volcanic Area,

CAMP-TV study area: Tertiary Vol canic Areas mapped
as Tv on the State geologic map.
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Program Priority Basin Project.




EXPLANATION

Volcanic areas that contain California Department of Public Health (CDPH)
public-suppy wells, and were defined as groundwater basins by California
Department of Water Resources [(CDWR) (1980)] but discontinued by COWR
(2003)

Basin number Basin name Study area
ﬂ 5-34 Mount Shasta Volcanic Area SH
1-4.02 Shasta Valley Volcanics SH
Sacramento Valley Eastside
|:| 5-55 Tuscan Formation Highlands ES

Modoc Plateau Recent
Volcanic Areas

Modoc Plateau Pleistocene av
Volcanic Areas

1-23 and 5-32 none

=
[ ] 124533 and6-103

Volcanic areas that contain CDPH public-supply wells and were never defined
as groundwater basins by COWR (mostly Tertiary Volcanic study area)

I:l CDWR defined groundwater basins that contain CDPH public-supply wells
(basin number marked with askerisk on map)

Basin Study

number Basin name area Reference

6-4 Honey Lake Valley HL CDWR, 2004a

1-4 Shasta Valley SH CDWR, 2004b

1-2.01 Upper Klamath basin, Tule Lake LU CDWR, 2004c
subbaasin

1-3 Butte Valley LU CDWR, 2004d

5-2.01 Alturas basin, South Fork Pit River LU CDWR, 2004e
subbasin

5-2.02 Alturas basin, Warm Springs Valley LU CDWR, 2004f
subbasin

5-4 Big Valley LU CDWR, 2004g

5-5 Fall River Valley LU CDWR, 2004h

5-7 Lake Almanor Valley LU CDWR, 2004i

5-35 McCloud Area LU CDWR, 2004

5-46 Lake Britton Area LU CDWR, 2004k

5-50 North Battle Creek LU CDWR, 2004!

6-1 Surprise Valley LU CDWR, 2004m

|:| CDWR defined groundwater basins that do not contain CDPH public-supply wells

Basin Basin
number  Basin name number Basin name
1-2.02 Upper Klamath basin, Lower 5-49 Dry Burney Creek Valley
Klamath Lake subbasin 5-51 Butte Creek Valley

1-17 Bray Town Area 5-52 Grays Valley
1-18 Red Rock Valley 5-53 Dixie Valley
1-22 Fairchild Swamp Area 5-54 Ash Valley
5-1 Goose Lake 5-86 Joseph Creek
5-3 Jess Valley 6-2 Madeline Plains
5-8 Mountain Meadows Valley 6-3 Willow Creek Valley
5-36 Round Valley 6-91 Cow Head Lake Valley
5-37 Toad Well Area 6-92 Pine Creek Valley
5-38 Pondosa Town Area 6-93 Harvey Valley
5-40 Hot Springs Valley 6-94 Grasshopper Valley
5-41 Egg Lake Valley 6-95 Dry Valley
5-43 Rock Prairie Valley 6-96 Eagle Lake Area
5-44 Long Valley 6-97 Horse Lake Valley
5-45 Clayton Valley 6-98 Tuledad Canyon Valley
5-47 Goose Valley 6-99 Painters Flat
5-48 Burney Creek Valley 6-100 Secret Valley
5-49 Dry Burney Creek Valley 6-101 Bull Flat

N National parks, recreationa areas, or monuments
Cascade Range and Modoc Plateau Province

— — - County boundary

== Major watershed boundaries

Figure 3. —Continued
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Eastside Sacramento Valley Study Area (ES)

The ES study area (fig. 4) corresponds to the former
CDWR-defined volcanic groundwater basin 5-55, the Eastside
Sacramento Valley Tuscan Formation Highlands (fig. 3);
California Department of Water Resources, 1980). It isno
longer designated as a CDWR basin because volcanic areas
statewide were reclassified as groundwater source areas
rather than basins to restrict the definition of basins to alluvial
basins (California Department of Water Resources, 2003).
Groundwater source areas are hon-basin areas that may serve
as sources of recharge to adjacent basins by subsurface flow.
The boundary between the ES study area and the Sacramento
Valley is defined by the Chico monocline, a normal fault
active within the last 1 mega-annum (Ma) moving the Sierra
Nevada upward relative to the Central Valley (figs. 2; AIF).
East of the Chico monocline, the Tuscan Formation dips less
than 5 degrees; west of the monocline, the Tuscan Formation
dips at least 20 degrees, disappearing beneath the younger
valley sediments (Harwood and Helley, 1987). The other
boundaries of the ES study area are defined by the extent of
surface outcrops of the Tuscan Formation.

The Tuscan Formation in the ES study area consists
of many volcanic mudflows, or lahars. The lahars erupted
approximately 3 Ma from vents on the flanks of now-extinct
volcanoes west and south of Lassen Volcanic National Park,
and form aunit up to 1,700 ft thick (Lydon, 1968). About three
quarters of the exposed areais tuff breccia, a massive chaotic
assemblage of boulder to pebble size fragments of andesitic
lava in a clastic matrix of volcanic ash and fine volcanic debris
(Lydon, 1968). The Formation grades westward from lahar
deposits to volcanic sediments, and in the Central Valley, the
Tuscan Formation sediments are an important aquifer. The
tuff brecciais less permeabl e than the vol canic sediments,
resulting in variable well yields. Several communitiesin
the southern part of the ES study area have had to rely on
drinking water brought in by tanker trucks because of low
well yields (California Department of Water Resources,
2003). The Tuscan Formation may be described in CDWR
well completion reports as volcanic or sedimentary materials
depending on the facies and on the interpretation of the person
preparing the report.

Honey Lake Valley Study Area (HL)

The HL study area (fig. 4) corresponds to the CDWR-
defined Honey Lake Valley groundwater basin (fig. 3; CDWR
basin number 6-4; California Department of Water Resources,
2004a). The Honey Lake Valley is atopographically closed
basin that is geologically part of the Basin and Range geologic
province (California Department of Conservation, California
Geological Survey, 2002). The basin is bounded on the south
by the Honey Lake fault, which separates it from the Mesozoic
granitic rocks of the Sierra Nevada, and on the other sides by
Quaternary and Tertiary lava flows (figs. 2; A1G).
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The Honey Lake Valley is a down-faulted basin
containing up to 6,000 ft of Pliocene to Recent (5 Mato
present) sediments with interbedded lava flows and pyroclastic
deposits (California Department of Water Resources, 1963;
Handman and others, 1990). The primary water-bearing units
are the Pleistocene to Recent lacustrine and aluvial sediments
(Cdifornia Department of Water Resources, 2004a). Honey
L ake was on the western edge of Pleistocene Lake Lahontan,
alarge lake that covered most of northwestern Nevada
from about 45,000 to about 10,000 years ago (Benson and
Thompson, 1987). Near-shore deposits from this large lake
arerelatively coarse-grained and highly permeable and are an
important source of groundwater to wells. Pleistocene volcanic
rocks interbedded with the lake sediments on the north side of
the basin act as conduits for groundwater recharge to the basin.

More than 40 intermittent and perennial streams flow
into the valley and terminate at Honey Lake. The amount
of groundwater recharge is low, however, because about
90 percent of the total precipitation and stream inflow
tothe basin islost by evapotranspiration (Handman and
others, 1990). The sources of groundwater recharge are
direct infiltration of precipitation at higher elevations in
the watershed, infiltration of streamflow on alluvial fans
on the valley margins, and infiltration of irrigation return
water. In addition, upwelling of thermal waters along the
faults bounding the basin could contribute up to 40 percent
of recharge locally (Mayo and others, 2010). Faults within

Study-Unit Description 1"

the basin limit lateral groundwater flow (Rose and others,
1997). Groundwater discharges by evapotranspiration and
by pumping. Most of the groundwater extraction in the basin
isfor irrigation. In addition, geothermal waters associated
with the faults bounding the basin are extracted for power
generation (Brown and Caldwell, 2007).

Cascade Range and Modoc Plateau Low-Use
Basins Study Area (LU)

The LU study area includes 47 CDWR-defined
groundwater basins (figs. 3, 4). Of these 47 basins, 11 contain
wellslisted in the CDPH database of wells used for public
drinking-water supply. Hydrologic features of those 11 basins
are discussed briefly here.

The Tule Lake subbasin of the Upper Klamath River
groundwater basin is bounded on the east and west by north-
south trending normal faults, on the south by Pleistocene and
Holocene lava flows of the Medicine Lake volcano, and on
the north by the Oregon state line (figs. 2, 3; CDWR basin
number 1-2.01; California Department of Water Resources,
2004c). The subbasin is composed of Pliocene to Holocene
age lacustrine deposits that have relatively low permeability
and interbedded Miocene, Pliocene and Pleistocene basalt lava
flows. The principal aquifer is the highly permeable Miocene/
Pliocene basalt lava flows beneath the lake sediments. In 2001,
10 deep irrigation wells were drilled into this aquifer, and they
have yields ranging from 4,000 to 12,000 gallons per minute
(gpm) (Gannett and others, 2007). The subbasin primarily is
recharged by subsurface flow through permeable basalt lava
flows that are exposed in the highlands north and east of the
subbasin and by subsurface flow from the adjacent Lower
Klamath Lake subbasin (Gannett and others, 2007).

The surface-water hydrology of the Tule Lake subbasin
has been extensively modified as part of the U.S. Bureau of
Reclamation Klamath Project (Gannett and others, 2007).
Prior to the project, Tule Lake was much larger, surrounded
by vast wetlands, and fed by the Lost River. Hydraulic head
gradients indicate the lake drains in the subsurface southward
through the Medicine L ake Highlands toward the Pit River
(fig. 3; Gannett and others, 2007). The Lost River is now
connected to the Klamath River by a man-made canal, and
much of the subbasin has been drained for agricultural use.
The existing Tule Lake Sump collects irrigation return water
that is then pumped out of the basin into Lower Klamath Lake.
The subbasin is extensively irrigated with surface water from
Upper Klamath Lake (in Oregon). Pumpage of groundwater
has increased dramatically since 2001, largely because
groundwater is used to augment surface-water supplies so that
more surface water can be left in streams to help maintain fish
populations (National Research Council, 2008).



12 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

Butte Valley isaclosed basin in the Klamath River
watershed. The basin was formed by faulting and is defined
by the surface extent of alluvial fill (figs. 2, 3; CDWR basin
number 1-3; California Department of Water Resources,
2004d). The main aquifer units are coarse-grained lake
deposits and interbedded volcanic units, particularly the Butte
Valley Basalt in the southeast part of the basin (Planert and
Williams, 1995). Major sources of groundwater recharge
include subsurface flow through volcanic units, infiltration
of precipitation and stream flow, and irrigation return water.
Major sources of groundwater discharge include subsurface
flow through volcanic units; evapotranspiration; pumping,
primarily for agricultural use (Planert and Williams, 1995).

The South Fork Pit River and Warm Springs Valley
subbasins of the Alturas area are defined by surface exposure
of Holocene alluvial deposits and the Plio-Pleistocene
Alturas Formation (figs. 2, 3; CDWR basin numbers 5-2.01
and 5-2.02; California Department of Water Resources,
2004e, f). The basins are surrounded by Quaternary and
Tertiary lava flows and separated by surface exposure of the
Plio-Pleistocene Warm Springs Tuff member of the Alturas
Formation. The basins are dissected by many northwest-
southwest trending faults, and the Alturas Formation is folded
into three synclines with northwest-southwest trending axes
(Cdlifornia Department of Water Resources, 1963). These
structures affect groundwater flow in the basin. The Warm
Springs subbasin has hot springs on faults that permit deep
circulation of groundwater. The main water-bearing unitsin
the basins are permeable beds of tuff, ashy sandstone, and
diatomite in the lacustrine Alturas Formation. Basalt lava
flows, which are exposed around the basins and also are
interbedded with the Alturas Formation, serve as primary
recharge areas.

The boundaries of the Big Valley groundwater basin are
defined by surface extent of Holocene alluvial deposits and
the Pleistocene Bieber Formation, and the basin is surrounded
by Pliocene (TV study area) and Pleistocene (QV study area)
lava flows (figs. 2, 3; CDWR basin number 5-4; California
Department of Water Resources, 2004g). The Pit River flows
through the western side of the valley. The principal water-
bearing units are pumiceous sand and volcanic sand layersin
the lacustrine Bieber Formation.

The Fall River Valley is defined by surface exposure of
Pleistocene and Holocene alluvia and lacustrine deposits,
and is surrounded by Pliocene, Pleistocene, and Holocene
volcanic rocks (figs. 2, 3; CDWR basin number 5-5; California
Department of Water Resources, 2004h). The Fall River
Springs, which historically have been among the largest
springsin the United States at 1,400—2,000 cubic feet per
second (ft¥/s) of discharge (Meinzer, 1927), discharge into the
valley from the north and provide most of the base flow for the
surface-water features in the valley. The source of the water

for the Fall River Springs appears to be precipitation on the
vast Medicine Lake Highlands 60 kilometers (km) to the north
(Rose and others, 1996).

The Lake Almanor Valley groundwater basin is along
the northwest shore of Lake Almanor (figs. 2, 3; CDWR basin
number 5-7; California Department of Water Resources,
2004i). The basin consists of Quaternary aluvial and
lacustrine deposits and is bounded by Pliocene volcanic
rocks. Lake Almanor is a reservoir operated by the Pacific
Gas and Electric Company for power generation, recreation,
and irrigation. The primary sources of inflow to the lake
are submerged springs in the Pliocene volcanic rocks; the
Upper North Fork Feather River, which drains the southern
dlope of the highlandsin the Lassen Volcanic National Park
area; and the Hamilton Branch, which drains Mountain
Meadows reservoir (fig. 3; Plumas County Flood Control and
Conservation District, 2007).

The McCloud Area groundwater basin is on the southeast
slope of Mount Shasta between approximately 3,000 and
6,000 ft elevation (figs. 2, 3; CDWR basin number 5-35;
California Department of Water Resources, 2004;). The basin
is defined by the surface extent of a thin veneer of mostly
Holocene aluvial and glacial deposits. The basin isunderlain
and bounded on the north and east by Pliocene and Pleistocene
volcanic rocks and on the south by Paleozoic metasedimentary
deposits of the Klamath Mountains (figs. 2, 3). The area has
many freshwater springs (for example, Poeschel and others,
1986).

The Lake Britton groundwater basin is where Hat
Creek joinsthe Pit River (fig. 3; CDWR basin number 5-46;
California Department of Water Resources, 2004k). The basin
is defined by the surface extent of Recent alluvial deposits and
is surrounded and underlain by Pliocene (TV study area) and
Pleistocene (QV study area) lava flows.

The North Fork Battle Creek Valley groundwater
basinisjust west of Lassen Volcanic National park (fig. 3;
CDWR basin number 5-50; California Department of Water
Resources, 20041). The basin is defined by the surface extent
of Recent alluvial deposits and is surrounded and underlain by
Pliocene (TV study area) and Pleistocene (QV study area) lava
flows. These alluvial deposits are approximately 32 ft thick
and overlie a succession of lava flows. The main water-bearing
unit isthe interbedded layer of sand, gravel, ash, and cinder
between the lava flows.

The Surprise Valley groundwater basin is on the
northeastern edge of the study unit (fig. 3; CDWR basin
number 6-1; California Department of Water Resources,
2004m). The long, narrow basin is a graben bounded on all
sides by normal faults (fig. 2). The Surprise Valey fault is
the westernmost large-offset normal fault in the northwestern
Basin and Range, and there has been more than 15,000 ft
(4.5 km) of vertical offset between the Warner Mountains



and the Surprise Valley in the last 14 Ma (Egger and Miller,
2011). The valley is filled with over 5,000 ft of alluvial and
lacustrine deposits, most of which are lacustrine sediments
from Pleistocene Lake Surprise.

The Surprise Valley is a closed basin. Streams entering
the valley, primarily from the Warner Mountains to the west,
terminate in the three seasonal, shallow, saline lakes along
the central axis of the valley (fig. 3). The primary source of
groundwater recharge is infiltration of surface water through
aluvia fans along the base of the Warner Mountains and
through coarse stream deposits at the northern end of the
valley (California Department of Water Resources, 1963). The
principal aquifers are the Holocene alluvial fans and near-
shore deposits from Pleistocene Lake Surprise. Groundwater
discharges by evapotranspiration and pumping, primarily
for agricultural uses. The Surprise Valley has numerous hot
springs associated with the Surprise Valley fault and sub-
surface faults within the basin, and heated groundwater is
extracted for use in geothermal power generation (Glen and
others, 2013).

Shasta Valley and Mount Shasta Volcanic Area
Study Area (SH)

The SH study area corresponds to the CDWR-defined
Shasta Valley groundwater basin (CDWR basin number
1-4; California Department of Water Resources, 2004b)
and the former CDWR-defined volcanic groundwater basin
5-34, Mount Shasta Vol canic Area (California Department
of Water Resources, 1980) (figs. 3, 4). The CDWR Shasta
Valley groundwater basin is defined by Quaternary alluvial
deposits up to 140 ft thick along the western and northern
sides of Shasta Valley. The groundwater basin appears to
be hydrologically connected with the volcanic rocks of the
Mount Shasta Volcanic Area (Mack, 1960). Mesozoic marine
sedimentary and metasedimentary rocks, and Paleozoic
metamorphic rocks likely underlie the SH study area
(Chesterman and Saucedo, 1984), and are exposed in the
Klamath Mountains on the western margin of the study area
(fig. 2).

Mount Shastais part of the Cascade Range, which
extends from northern Californiato southern British
Columbia. The Cascade Range has been an active volcanic arc
for the last approximately 36 Ma as a result of subduction of
the Juan de Fuca plate under the North American plate (Bally
and Palmer, 1989). The Mount Shasta magmatic system has
been active for approximately 600,000 years, and the current
mountain is a composite of four major cones that erupted
over the last 250,000 years (Wood and Kienle, 1990). The
most recent eruption in the youngest cone wasin 1786, and
there are still active fumaroles and hot springs on the summit.
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The mountain is formed primarily of andesitic lava flows and
pyroclastic deposits. Mount Shasta also hosts seven glaciers
(Howat and others, 2007).

Most of the SH study area consists of the Mount Shasta
Volcanic Area (5-34; fig. 3). Approximately two-thirds of
the Mount Shasta Volcanic Areais covered by a debris
avalanche that fell from Mount Shasta between 300,000 and
380,000 years ago (Crandell, 1989). The avalanche deposits
are up to 300 ft thick and consist of two facies: ablock facies
containing blocks of andesite lava flows and volcanoclastic
deposits up to several hundred feet across and a matrix
facies consisting of an unsorted, unstratified mix of boulders
through clay size material, primarily from andesite lava flows
and material scoured from the valley floor. The principal
aquifer in the valley isthe Holocene Pluto’s Cave basalt lava
flow from Mount Shasta (Mack, 1960; Blodgett and others,
1988; California Department of Water Resources, 2004b).
It is exposed on the surface in the southeastern part of the
study unit. Many of the groundwater sources used for public
drinking-water suppliesin the SH study area are springs
(Blodgett and others, 1988).

The Shasta River islisted asimpaired under the Clean
Water Act, because of elevated stream temperatures and
low dissolved oxygen (DO) levelsthat have a detrimental
effect on fish populations, and has a Total Maximum Daily
Load (TMDL) Action Plan (North Coast Regional Water
Quality Control Board, 2006). The Action Plan lists several
anthropogenic factors that could be causing the increased
temperatures and decreased DO levels, including irrigation
return flows, impoundments, flow modifications and
diversions, agricultural practices that decrease shade and
increase inputs of organic matter, and wastewater discharge.
Groundwater and spring discharges are the primary sources of
cold water to the river. Groundwater pumping, primarily for
agricultural uses, has become a contentious issue in the valley
because pumping may decrease spring discharge and increase
the depth to the water table, thereby decreasing inflow of cold
water to theriver (National Research Council, 2008).

Groundwater is recharged in the SH study area by
infiltration of stream flow and snow melt into permeable
lava flows, mostly in the southern part of the valley on the
slopes of Mount Shasta. Much of the valley floor receives
less than 15 in/yr of precipitation; thus, direct infiltration
from precipitation is minimal. Percolation of irrigation water,
water from behind small impoundments, and water from
Lake Shastina (fig. 41B) aso contribute to groundwater
recharge. Groundwater is discharged by seepage to streams;
evapotranspiration; and pumping for agricultural, municipal,
and domestic supplies. Most of the groundwater is pumped
from Pluto’s Cave basalt lava flow or from the alluvial fans
on the west side of the valley (California Department of Water
Resources, 2004b).
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Quaternary Volcanic Areas (QV) and Tertiary
Volcanic Areas (TV) Study Areas

The QV and TV study areas consist of areas mapped as
Quaternary volcanic rocks (Qv) and Tertiary volcanic rocks
(Tv), respectively, on the State geologic map (Saucedo and
others, 2000) (fig. 2). The QV study areaincludes the former
CDWR-defined volcanic groundwater basins 5-33, 1-24,
and 6-103, which are collectively called the Modoc Plateau
Pleistocene Volcanic Areas (fig. 3; California Department
of Water Resources, 1980). The former CDWR-defined
volcanic groundwater basins 5-32, 1-23, and 6-102, which are
collectively called the Modoc Plateau Recent Volcanic Areas
(not shown on fig. 3), are mapped as Holocene volcanic rocks
(Qrv) on the State geologic map and are not included in the
QV study area.

The QV and TV study areas both include Cascade Range
and Modoc Plateau volcanic rocks. The oldest Cascade Range
rocks are mid-Tertiary (35 Mato 26 Ma) volcanic rocks of
the Western Cascade series, an old, deeply eroded ancestor
of the modern Cascade Range vol canoes, and are exposed
north of the Shasta Valley (du Bray and John, 2011). The
modern Cascade Range includes the Mount Shasta, L assen,
and Medicine Lake volcanic systems. The Lassen volcanic
area, much of whichisin Lassen Volcanic National Park, has
acomplex eruptive history, with 537 volcanic vents younger
than 7 Ma (Guffanti and others, 1990). On aregional scale, it
consists of hundreds of coalescing small volcanoes primarily
formed of basalt and basaltic andesite lavas and, superimposed
on this regional volcanism, is a series of five large volcanic
centers composed of more silicic lavas (Clynne, 1990;
Guffanti and others, 1990). Lassen is the most recent volcanic
center and has been active for approximately 600,000 years.
The youngest feature is a dacite dome field on the flank of the
now-eroded main andesitic cone. One of these domes, Lassen
Peak, last erupted in 1915-21. Medicine Lake Volcano is east
of the main line of Cascade Range volcanic arc volcanoes. It is
alarge shield volcano covering approximately 770 mi2 (2,000
km?) and formed primarily of basalt and basaltic andesite lavas
erupted during the late Pleistocene (less than 1 Ma) (Donnelly-
Nolan, 1988). The most recent eruptions were small rhyolite
flows about 900 years ago (Donnelly-Nolan and others, 1990).
Mount Shasta and Medicine Lake Volcano are composed
of Quaternary and Holocene volcanic rocks and, thus, are
partially included in the QV study area. Most of Lassen
Volcanic National Park isin the QV study area, someisin the
TV study area, and asmall diver is Holocene volcanic rocks.

The Modoc Plateau is the northern extension of the
Walker Lane belt, a 60—190 miles (mi) (100—300 km) wide
zone of distributed late Cenozoic dextral strike-slip and
normal faulting between the Sierra Nevada and the Basin and
Range provinces (Page, 1995; Oldow and Cashman, 2009).
The Modoc Plateau is covered with volcanic rocks, primarily
basalt and basaltic andesite lava flows, ranging in age from
late Miocene to Recent (approximately 15 Mato present).

Locally, there are also pyroclastic deposits and more silicic
volcanic features.

The QV and TV study areas were defined as separate
areasin order to examine potential relations between
groundwater water quality and age of the aquifer materials.
The basalt and basaltic andesite lava flows that compose
most of the QV and TV study areas may undergo changes
in mineralogy with time. Primary igneous minerals and
volcanic glass can become oxidized and hydrated, and new
minerals can be deposited in voids. These differencesin
aquifer mineralogy could result in differences in groundwater
composition and water quality.

Groundwater in volcanic rocks primarily is contained in
rubble zones at the tops and bottoms of lava flows, cavities
between lava flows, cracks and fissures resulting from thermal
and tectonic stresses, volcanic pipes and lava tubes, and open
gas vesicles (Planert and Williams, 1995; Todd and Mays,
2012).The distribution of permeable zonesis unpredictable,
although the probability of large groundwater yields generally
isgreater in areas near fault zones (Planert and Williams,
1995). Hydraulic conductivity values from wellsin Tertiary
volcanic rocks in the Klamath Basin in Oregon and California
range from less than 1 meter per day (m/d) to over 600 m/d
(estimated from datain Gannett and others, 2007). For
comparison, the hydraulic conductivity of sand generally
ranges from 2 to 45 m/d (Todd and Mays, 2012). Within
the TV study area, the Western Cascades series rocks have
much lower permeability than Modoc Plateau lavas because
secondary mineralization from hydrothermal alteration has
filled many of the void spaces in the Western Cascades series
rocks (Newcomb and Hart, 1958; Gannett and others, 2007).

The volcanic units are highly permeable and generally
have little soil or sediment on top of them, thus groundwater
is readily recharged by infiltration of precipitation and
snow melt and by capture of stream flow. The QV, TV, and
SH study areas contain many springs, located where high
permeability zones intersect the land surface, and these springs
can be a large component of inflow to streams. These springs
include several first magnitude springs, defined as springs
with discharge greater than 100 cubic feet per second (ft¥/s;
Meinzer, 1927). For example, five springs discharging in
the QV study area near where Hat Creek joins the Pit River
have a combined discharge of over 315,000 gpm (700 cubic
feet per second), and isotopic data indicate the recharge area
was approximately 30 mi (50 km) to the south in the high
elevationsin Lassen Volcanic National Park (Rose and others,
1996).

Methods

This section describes the methods used for the status
and under standing assessments. M ethods used to collect and
analyze groundwater samples and results for the evaluation
of quality-control data are described by Shelton and others



(2013). Methods used for compiling data for potential
explanatory factors are described in appendix A.

Status Assessment

The status assessment was designed to quantify
groundwater quality in area proportions of the primary
aquifer system. The primary aquifer system is defined by
the depth intervals over which wellslisted in the CDPH
database are screened or open. The use of the term * primary
aquifer system” does not imply a discrete aquifer unit exists.
In most groundwater basins, public drinking-water supply
wellstypically are screened or open at greater depths than are
domestic wells (for example, Burow and others, 2008; Burton
and others, 2012). Thus, the primary aquifer system generally
corresponds to the deeper portion of the aquifer system that is
tapped by public drinking-water supply wells. However, this
segregation between the depths of public-supply and domestic
wells may not apply in areas outside of groundwater basins.
Wellsin fractured-rock aquifers are most productive at depths
where fracturesin the local rock are saturated with water, and
the density of fracturestypically decreases with depth (Freeze
and Cherry, 1979; Ingebritsen and Sanford, 1998). Nearly
all of the wells used in status assessments for the CAMP
study unit are listed in the CDPH database and are, therefore,
classified as public drinking-water supply wells. To the extent
that domestic wells in the study unit are screened or open over
the same depth intervals as the CDPH wells, the assessments
presented in this report also are applicable to the parts of the
aquifer system used for domestic drinking-water supplies.

This section describes the methods used for (1) defining
groundwater quality, (2) assembling the data used for
the assessment, (3) selecting constituents for evaluation,
and (4) and calculating aquifer-scale proportions. Two
statistical approaches were used for calculating aquifer-scale
proportions; a “grid-based” approach that used one well to
represent each grid cell, and a* spatially weighted” approach
that used many wells to represent each grid cell (Belitz and
others, 2010).

The CDPH database contains historical records from
more than 25,000 wells, requiring the use of targeted retrievals
to effectively access relevant water-quality data. For example,
for the area representing the CAMP study unit, the CDPH
database contains about 75,000 records for samples collected
between 1982 and 2010 from 388 wells. The CDPH data were
used in the spatially weighted cal culations of aquifer-scale
proportions.

Groundwater Quality Defined as Relative-
Concentrations

In this study, groundwater-quality data are presented
as relative concentrations (RCs), which istheratio of a
constituent’s concentration measured in a groundwater
sample to the concentration of a constituent’s regulatory or
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non-regulatory benchmark used to evaluate drinking-water
quality. The use of RC is similar to the approaches employed
by other studiesto place the concentrations of constituents

in groundwater in atoxicological context (for example, U.S.
Environmental Protection Agency, 1986; Toccalino and others,
2004; Toccalino and Norman, 2006; Rowe and others, 2007).
The RC is defined as follows:

. . Sample oncentration
Relative concentratio( RC)= Senchmak concentration

An RC vaue less than 1 indicates that the sample
concentration was less than the benchmark concentration,
and an RC value greater than 1 indicates that the sample
concentration was greater than the benchmark concentration.
The use of RCs permits comparison on asingle scale
for constituents that can be present at a wide range of
concentrations. RCs can only be computed for constituents
with water-quality benchmarks; therefore, constituents without
water-quality benchmarks were not included in the status
assessment.

Regulatory and non-regulatory benchmarks apply to
treated water that is served to the consumer, not to untreated
groundwater. To place the results in context, however,
concentrations of constituents measured in the untreated
groundwater were compared to benchmarks established
by the U.S. Environment Protection Agency (USEPA)
and the California Department of Public Health (CDPH,;
U.S. Environmental Protection Agency, 1999a, 2009a; 2012;
California Department of Public Health, 2010, 2013b). The
benchmarks used for each constituent were selected in the
following order of priority:

1. Regulatory, health-based levels established by the CDPH
and the USEPA: maximum contaminant levels ( MCL-CA
and MCL-US) and USEPA action levels (AL-US),
respectively.

2. Non-regulatory, non-health based, aesthetic-based
levels established by the CDPH: secondary maximum
contaminant levels (SMCL-CA). The sdlinity indicators
chloride, sulfate, and TDS have recommended and upper
SMCL-CA levels, and the values for the upper levels were
used.

3. Non-regulatory, health-based levels established by the
CDPH and the USEPA: CDPH notification levels (NL-
CA), USEPA lifetime health advisory levels (HAL-US),
and USEPA risk-specific doses for 1:100,000 (105;
RSD5-US).

For constituents with multiple types of benchmarks,
this hierarchy sometimes did not result in selection of
the benchmark with the lowest concentration. Additional
information on the types of benchmarks used and lists of the
benchmark values for al constituents analyzed are provided
by Shelton and others (2013).
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The two microbial indicators analyzed in samples
from the CAMP study unit, total coliforms and E.coli, have
drinking-water quality benchmarks, but are not included in
the status assessments for the individual study units because
the results are to be presented in one report for all 35 GAMA
Priority Basin Project public-supply aquifer study units
(Carmen Burton, USGS, written commun., 2014).

Toccalino and others (2004), Toccalino and Norman
(2006), and Rowe and others (2007) used theratio
of measured sample concentration to the benchmark
concentration, either MCL-US or Health-Based Screening
Level (HBSL), and defined this ratio as the benchmark
quotient (BQ). HBSLs are not used in this report because
HBSLs are not currently used as benchmarks by California
drinking-water regulatory agencies. Because different water-
quality benchmarks were used to calculate the RCs and BQs,
the terms are comparable but not interchangeable.

For ease of discussion, the RCs of constituents were
classified into low, moderate, and high categories (table 1).
RC values greater than 1.0 were defined as “high” for all
constituents. For inorganic constituents (trace elements,
nutrients, radioactive constituents, and inorganic constituents
having SMCL benchmarks) RC values greater than 0.5 and
less than or equal to 1.0 were defined as “moderate,” and
RC values less than or equal to 0.5 were defined as “low.”
For organic and special-interest constituents, RC values
greater than 0.1 and less than or equal to 1.0 were defined
as“moderate,” and RC values |ess than or equal to 0.1 were
defined as “low.” Although more complex classifications could
be devised based on the properties and sources of individual
constituents, use of a single moderate/low threshold value
for each of the two major groups of constituents provided
consistent objective criteriafor distinguishing constituents
present at moderate, rather than low, concentrations.

Other studies have used the same boundary value
between low and moderate RCs for inorganic and organic
constituents—either 0.5 (for example, U.S. Environmental
Protection Agency, 1999b) or 0.1 (for example, Toccalino
and others, 2010). The primary reason for using a higher
boundary value for inorganic constituents in this study was to
focus attention on the inorganic constituents most preval ent
at concentrations closest to benchmark concentrations. In a

Table 1. Relative-concentration categories used for assessing
groundwater quality.

[Relative-concentration (RC) is defined as the concentration measured
in the sample divided by the concentration of the selected benchmark.
Abbreviations: >, greater than; <, less than or equal to]

RC RCs for organic and RCs for
catedor special-interest inorganic
gory constituents constituents
High >1 >1
Moderate >0.1 and <I >0.5 and <1
Low <0.1 <0.5

national survey of water quality in aquifers used for public
drinking-water supply, Toccalino and others (2010) found that
organic constituents (pesticides and VOCs) were present at BQ
greater than 0.1 in approximately 10 percent of the samples
and that inorganic constituents (nutrients, trace elements and
radioactive constituents) were present at BQ greater than 0.1
in approximately 80 percent of the samples. By setting the
boundary between low and moderate BQs at 0.1, Toccalino
and others (2010) produced a conservative assessment of
water quality that is protective of human health and provides
an early indication of potential groundwater contamination
issues. Organic constituents generally are anthropogenic

and enter groundwater as aresult of human activities (both
intentional, such as pesticide applications, and unintentional ,
such as leaks and spills) at the land surface. Concentrations of
the organic constituents can change rapidly in groundwater;
therefore, early warning (as given by using an RC of 0.1)
could be vital for planning and implementing measures to
protect aquifer systems from further contamination and to
mitigate existing contamination. Inorganic constituents, on the
other hand, typically occur naturally in groundwater, and their
concentrations usually are stable or change slowly compared
to those of organic constituents. Having a boundary between
low and moderate RCs (or BQ) at 0.5 (rather than 0.1) allows
identification of those inorganic constituents—from among
the many that could be present—that are most prevalent at
concentrations close to benchmarks and may therefore warrant
more immediate attention from water-resource managers.

The boundary between low and moderate RC is not
intended as a demarcation of the presence of contamination
from anthropogenic sources. Unlike the other classes
of inorganic constituents, concentrations of nutrients
in groundwater commonly can be strongly affected by
contamination from anthropogenic sources. Concentrations
of nitrate in groundwater greater than 1 milligram per liter
(mg/L) generally are considered to indicate contamination
from anthropogenic sources (Nolan and others, 2002;
Dubrovsky and others, 2010). Setting the boundary between
low and moderate RCs at 0.5 for nitrate (which corresponds
to 5 mg/L for nitrate), therefore, results in some groundwater
samples with contamination from anthropogenic sourcesto be
categorized as alow RC for nitrate. For this study, nitrate and
the other nutrient constituents were categorized as inorganic
constituents, and the boundary between low and moderate
RCswas set at 0.5. Similarly, groundwater containing
anthropogenic organic constituents with RCs less than 0.1 was
classified as a low RC for organic constituents, even though
contamination from anthropogenic sources was present.

Data Used for Status Assessment

Groundwater-quality data collected by the USGS for
the GAMA Priority Basin Project (USGS-GAMA) and data
compiled from the CDPH database were used in the status
assessment. The grid-based calculations of aquifer-scale



proportions used data collected by USGS-GAMA for the
CAMP study unit (appendix A), and the spatially weighted
calculations of aquifer-scale proportions used the data from
the grid-based calculations, plus data compiled for many wells
in the CDPH database. Comparisons of USGS-GAMA and
CDPH data are presented in appendix B.

Data for Grid-Based Calculations of Aquifer-Scale
Proportions

The data used for the grid-based cal culations of aquifer-
scale proportions were from the 90 wells and springs (USGS-
grid wells) sampled by USGS-GAMA. Only a subset of
the entire area of the CAMP study unit was included in the
gridded area. The CAMP study unit had relatively few CDPH
wells, and these wells were not evenly distributed; thus, if
the entire study unit had been included in the gridded area,
there would have been many grid cells that did not contain
any CDPH wells (fig. 4). To minimize the number of cells
without any wells, only the areas of the study unit near CDPH
wellswere included in the gridded area. For each study area,
a1.86-mi (3-kilometers; km) radius circle was drawn around
each CDPH well in the study area. If the areawithin 3-km
of the well included more than one study area, the circle
was truncated at the boundaries of the study area containing
thewell (figs. 414-G). For example, the areawithin 3-km
of well LU-11 includes parts of the LU and TV study areas
and areas not in any study area (fig. A1D). The 3-km buffer
around LU-11 only includes the partsin the LU study area.
The aggregate areas encompassed by these circlesin each of
the six study areas were divided into 15 equal-area grid cells
(Scott, 1990). The sizes of the grid cells ranged from 19 sgquare
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kilometers (km?) in the ES study areato 47 km? in the QV
study area (table 2).

All CDPH wells were assigned random rankings, and
the highest ranked well in each cell that met basic sampling
requirements, and for which permission could be obtained,
was selected as the USGS-grid well and sampled. For cells
without accessible CDPH wells, a CDPH well |ocated close
to the the cell boundary in an adjacent grid cell could be
selected if the well was closer to the cell it was being selected
to represent than it was to the USGS-grid well in the cell in
which it was located, and the CDWR well completion report
for the well indicated that the screened or open intervals were
in the appropriate aquifer lithology. For cells not represented
by a CDPH well, appropriate USGS-grid wells were selected
by door-to-door canvassing.

Of the 90 USGS-grid wells selected, 82 werelisted in
the CDPH database (74 wells and 8 springs), and the other
8 (6 domestic wells, 1 irrigation well, and 1 spring used for
irrigation) had screened or open intervals at depths similar
to those of wellslisted in the CDPH database. Seven USGS-
grid wells were located in cells adjacent to the cells they
were selected to represent. In two of these seven cases, awell
in the Central Valley was selected to represent an Eastside
Sacramento Valley study areacell (fig. A1F). The screened
intervals in these two wells were deep enough to intersect the
Tuscan Formation. The 90 USGS-grid wells were named with
an alphanumeric GAMA _ID consisting of an initial prefix
identifying the study unit (CAMP), a second prefix indicating
the study area (ES, HL, LU, QV, SH, or TV), and followed
by a number indicating the order of sample collection in each
study area (appendix A). For ease of use, the prefix “CAMP”
is dropped from the GAMA _1D in thisreport.

Table 2. Study-area names, study-area and grid-cell sizes, and numbers of California Department of Public Health (CDPH) wells
and U.S. Geological Survey (USGS)-grid wells in each study area, Cascade Range and Modoc Plateau study unit, 2010, California
Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Abbreviations: km?, square kilometers; na, not applicable; TDS, total dissolved solids]

Study- Area Gridded Fractionof Grid-cell Numberof  Number of COPH wells Number of
Study area area (km?) area total area CDPH wells with data for nitrate, USGS-grid
code (km?) griddedarea  (km?  with any data’ arsenic, and TDS? wells
Sacramento Valley Eastside ES 2,004 287 0.104 19 26 15 15
Honey Lake Valley HL 1,261 371 0.134 25 34 15 15
Cascade Range and Modoc LU 4,826 510 0.184 34 42 12 15
Plateau Low-Use Basins
Quaternary Volcanic Areas Qv 10,399 711 0.257 47 63 14 15
Shasta Valley and Mount SH 878 369 0.133 25 39 16 15
Shasta Volcanic Area
Tertiary Volcanic Areas TV 10,985 517 0.187 34 36 3 15
Other areas na 8,647 na na na na na na
Total 39,000 2,763 1 31 240 75 o)

0Of these, 63 also were USGS-grid wells.
20f these, 21 also were USGS-grid wells.
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Approximately 8 percent of the wells listed in the CDPH
database for the CAMP study unit were springs; however, this
could be aminimum estimate of the percentage of springs.
Springs are sites where groundwater naturally flows from
below ground to above land surface. In some cases, the
connection between the spring and the distribution system
had been improved with a horizontal well bore. In the CDPH
database, a spring with a horizontal well bore may be given
a name that identifies it as a well. Of the 90 USGS-grid
wells sampled, 9 were springs and 81 were wells. For ease
of discussion, all sites are referred to as wells, unlessthe
difference between awell and a spring isimportant to the
discussion.

Samples collected from USGS-grid wells were analyzed
for 214 constituents (table 3). Water-quality data collected by
USGS-GAMA aretabulated in Shelton and others (2013) and
also are available from the SWRCB'’s publically accessible
internet database GeoTracker GAMA (website at http://mwww.
water boards.ca.gov/gama/geotracker _gama.shtml) and the
USGS's publically accessible internet database NWI1SWeb
(website at http://waterdata.usgs.gov/ca/nwis/).

Additional Data Used for Spatially Weighted Calculations
of Aquifer-Scale Proportions

The spatially weighted cal culations of aquifer-scale
proportions used data from the 90 USGS-grid wells and
from the 240 wells in the CDPH database with water-quality
data for samples collected between September 16, 2007,
and September 16, 2010. Of these 240 wells, 63 also were
USGS-grid wells, and only the USGS-GAMA data were used.
Many of the 177 wells having only CDPH data had data for
alimited number of constituents, commonly only nitrate. For
example, only 75 of the 177 wells had CDPH data for al three
of the constituents nitrate, arsenic, and total dissolved solids
(TDS) (table 2). Water-quality data collected by the CDPH are
available from the SWRCB'’s GeoTracker GAMA (website
at http://mww.water boards.ca.gov/gama/geotracker_gama.
shtml).

Selection of Constituents for Evaluation

Aquifer-scale proportions are presented for a subset of
214 constituents analyzed in samples collected by USGS-
GAMA for the CAMP study unit. This subset was selected by
using the following criteria:

« Constituents present at high or moderate RCs (table 1)
in the USGS-grid well dataset or in the CDPH database
for any sample collected between September 16, 2007,
and September 16, 2010.

 Organic constituent classes having at least one
constituent with an area-weighted detection frequency
of greater than 10 percent in the USGS-grid well
dataset.

Table 3. Summary of constituent groups analyzed in the

90 samples collected by the U.S. Geological Survey (USGS) for the
Cascade Range and Modoc Plateau study unit, 2010, California
Groundwater Ambient Monitoring and Assessment Program
(GAMA) Priority Basin Project.

[Constituent names: E. coli, Escherichiacoli. Other abbreviations and
symbols: B, Boron; C, carbon; H, hydrogen; He, helium; O, oxygen;

pCi/L, picocuries per liter; Sr, strontium; TDS, total dissolved solids; 3, delta;
ug/L, microgram per liter]

Number of

Constituents constituents analyzed

Inorganic constituents

Specific conductance

Gross alpha and gross beta particle
activity*

Major ions and trace elements (including 35
alkalinity and TDS)

Nutrients

Radon-222

Uranium and uranium isotopes

Organic constituents

Pesticides and pesticide degradates 63
Volatile organic compounds (VOCs)® 85

Constituent of special interest

Perchlorate 1

Geochemical and age-dating tracers

Arsenic and iron redox species ratios
"B of dissolved boron

Carbon-14 and 8*C of dissolved carbon- 2
ates

Dissolved oxygen, pH, and temperature 3

&?H and 80 stable isotopes of water

Noble gases (helium, neon, argon, krypton, 6

xenon), and *He/*He of dissolved helium
87Sr/8Sr of dissolved strontium

Tritium

Microbial constituents
Total coliform and E. coli 2
Sum 214

'Both gross alpha and gross beta particle activities were measured after
72-hour and 30-day holding times; data from the 30-day measurement are
used in this report.

2Uranium concentration was measured in all samples; the activities of
the uranium isotopes uranium-234, uranium-235, and uranium-238 were
measured in a subset of samples. The two samples having total uranium
activity greater than the California Department of Public Health maximum
contaminant level (MCL-CA) of 20 pCi/L aso had uranium concentration
greater than the U.S. Environmental Protection Agency maximum
contaminant level (MCL-US) of 30 pg/L.

®Includes 10 constituents classified as fumigants or fumigant synthesis
byproducts.


http://www.waterboards.ca.gov/gama/geotracker_gama.shtml
http://www.waterboards.ca.gov/gama/geotracker_gama.shtml
http://waterdata.usgs.gov/ca/nwis/
http://www.waterboards.ca.gov/gama/geotracker_gama.shtml
http://www.waterboards.ca.gov/gama/geotracker_gama.shtml

These criteria identified 17 inorganic constituents
(table 44), and 2 organic constituent classes (herbicides and
trihalomethanes) and perchlorate (table 5). An additional
28 inorganic constituents were detected by USGS-GAMA
in samples from the CAMP study unit that either have no
drinking-water quality benchmarks or were only detected
at low RCs (table 4B). Aquifer-scale proportions are not
presented for constituents only detected at low RCs because
the proportion of the primary aquifer system having low RCs
for those constituents is 100 percent. All of the 18 geochemical
and age-dating tracers examined were detected in samples
(table 4B). A total of 19 organic constituents with drinking-
water quality benchmarks were detected at low RCs, and 8
organic constituents with no benchmarks also were detected
(table 5). Because no organic constituents were detected at
high or moderate RCs, the organic constituents were evaluated
as classes rather than as individual constituents. The remaining
121 constituents were not detected by USGS-GAMA in the
CAMP study unit. A complete list of the constituents analyzed
by USGS-GAMA in the CAMP study unit can be found in the
CAMP Data Series Report (Shelton and others, 2013).

The CDPH database also was used to identify
constituents that have been reported at high RCs historically
but not currently (table 6). The historical period was defined
as the period starting with the earliest record maintained in
the CDPH electronic database and ending just prior to the
interval used for the status assessment: November 16, 1982,
through September 15, 2007. Constituent concentrations
could have been historically high but not currently high
because of improvement of groundwater quality with
time or abandonment of wells with high concentrations of
constituents. Historically high concentrations of constituents
that do not otherwise meet the criterialisted previously were
not considered representative of potential groundwater-quality
concernsin the study unit during the period of study.

The CAMP study unit had 12 historically high
constituents (table 6). Of the nine inorganic constituents, one
was also found at moderate RCsin the 3-year period used in
the status assessment and was detected in moderate RCsin
the USGS-grid wells (fluoride) (fable 44). Of the eight other
inorganic constituents, two were not analyzed by USGS-
GAMA (mercury and radium-228) and the remaining five
were either not detected or were detected only at low RCsin
USGS-grid wells. Of the three volatile organic constituents,
none were detected at moderate or high RCs in the 3-year
period used in the status assessment; however, two were
detected at low RCs (methyl tert-butyl ether [MTBE] and
tetrachloroethene [PCE]) in USGS-grid wells in the study
unit (table 5). Of the 12 historically high constituents, 9 were
detected at high concentrationsin only 1 CDPH well each
(table 6).
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Calculation of Aquifer-Scale Proportions

Seven primary aquifer systems were defined for the
CAMP study unit: six to represent each of the six study areas
and an aggregated system to represent the study unit asa
whole. The proportions of these primary aquifer systems
in the six study areas with high, moderate, and low RCs of
constituents were cal culated by using the grid-based and
spatially weighted approaches of Belitz and others (2010).

For ease of discussion, these proportions are referred to as
“high-RC,” “moderate-RC,” and “low-RC" aquifer-scale
proportions. Aquifer-scale proportions for the primary aquifer
system in the study unit as a whole were calculated as an
area-weighted combination of the proportions for the six study
areas. Calculations of aquifer-scale proportions were made for
individual constituents and for classes of constituents. Aquifer-
scale proportions for constituent classes were cal culated

by using the maximum RC for any constituent in the class

to represent the class. For example, awell having a high

RC for arsenic, moderate RC for fluoride, and low RCs for
molybdenum, boron, selenium, and other trace elements would
be counted as having a high RC for the class of trace elements
with health-based benchmarks.

The grid-based calculations used the USGS-grid well
dataset. Aquifer-scale proportions were calculated for each of
the study areas separately because cell sizes differed among
the study areas (table 2). High-RC aquifer-scale proportion
was calculated as the fraction of the USGS-grid wellsin the
study area having high RCs for a constituent (equation 1).
The moderate-RC aquifer-scale proportion was cal cul ated
similarly. Confidence intervals for grid-based high-RC
aquifer-scale proportions were computed by using the Jeffrey’s
interval for the binomial distribution (Brown and others, 2001;
Belitz and others, 2010).

_ N igh
Peng = o ()
Ag
N SA
where
phigh is the grid-based high-RC aquifer-scale
SAg proportion for the study area SA,
N g is the number of cellsin the study area
SA represented by awell having high RC for
the constituent; and
Ng, is the number of cellsin the study area having

awell with data for the constituent (the
value of this parameter is 15 for all 6 of the
study areas, because the USGS-grid wells
had data for all constituents evaluated).
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Table 4A. Benchmark type and value and reporting limits for inorganic constituents detected at moderate or high relative-
concentrations in samples collected for the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Relative-concentration (RC) is defined as the concentration measured in the sample divided by the concentration of the selected benchmark. For inorganic
constituents, RC greater than 1.0 is defined as high and RC less than or equal to 1 and greater than 0.5 is defined as moderate. Benchmark type: AL-US, USEPA
action level. Regulatory, health-based benchmarks: MCL-CA, CDPH maximum contaminant level; MCL-US, USEPA maximum contaminant level; Prop
MCL-US, proposed USEPA maximum contaminant level. Non-regulatory, health-based benchmarks: HAL-US, USEPA lifetime health advisory level; NL-CA,
CDPH notification level. Non-regulatory, aesthetic/technical-based benchmarks: SMCL-CA, CDPH secondary maximum contaminant level. Benchmark units:
mg/L, milligrams per liter; pCi/L, picocuries per liter; pg/L, micrograms per liter; uS/cm, microsiemens per centimeter. Other abbreviations: CDPH, California
Department of Public Health; na, not available; ssLc, sample-specific critical level; USEPA, U.S. Environmental Protection Agency; USGS, U.S. Geological
Survey]

Benchmarks Reporting limits Understanding
Constituent Units assessment
Type' Value USGS CDPH? presented?
Inorganic constituents with health-based benchmarks
Nutrients
Ammonia, as nitrogen HAL-US® 24.7 mg/L 0.01 na No
Nitrate, as nitrogen* MCL-US 10 mg/L 0.02 0.1 No
Trace elements
Arsenic MCL-US 10 Ho/L 0.02 2 Yes
Boron NL-CA 1,000 Mo/l 3 100 Yes
Fluoride MCL-CA 2 mg/L 0.04 0.1 No
Lead® AL-US 15 Ho/L 1 0.2 No
Molybdenum HAL-US 40 Mg/l 0.01 na Yes
Strontium HAL-US 4,000 Mo/l 0.2 na No
Vanadium NL-CA 50 Ho/L 0.08 2 Yes
Radioactive constituents
Gross alpha particle activity MCL-US 15 pCi/L ssLc 3 No
Radon-222 activity Prop MCL-US 4,000 pCi/L ssLe na No
Uranium MCL-US 30 po/L 0.004 1 Yes
Inorganic constituents with secondary maximum contaminant level henchmarks
Chloride SMCL-CA 500 mg/L 0.06 1 No
Iron SMCL-CA 300 po/L 6 50 Yes
Manganese SMCL-CA 50 Mo/l 0.7 10 Yes
Specific conductance SMCL-CA 1,600 puS/ecm 5 na No
Total dissolved solids (TDS) SMCL-CA 1,000 mg/L 12 na Yes

Maximum contaminant level benchmarks are listed as MCL-US when the MCL-US and MCL-CA areidentical, and as MCL-CA when the MCL-CA is lower
than the MCL-US or no MCL-US exists. Sources of benchmarks: MCL-CA and SMCL-CA, California Department of Public Health (2013b); MCL-US and
AL-US, U.S. Environmental Protection Agency (2009a); NL-CA, California Department of Public Health (2010); HAL-US, U.S. Environmental Protection
Agency (2012); Prop MCL-US, U.S. Environmental Protection Agency (1999a).

2Nondetections are reported in the CDPH database as a concentration of zero or as less than the reporting limit. The most prevalent reporting limit, asinferred
from data for nondetections, is listed.

SHAL-US benchmark is 30 mg/L for ammonia as ammonia. To facilitate comparison to the analytical results, this HAL-US has been converted and reported as
24.7 mg/L as nitrogen. The benchmark applies to total dissolved ammoniacal nitrogen (ammoniagas plus ammonium ion).

4Concentrations of nitrate, as nitrate, reported in the CDPH data are converted to concentrations of nitrate, as nitrogen, for comparison with USGS-GAMA
data.

SAlthough lead was not detected at high or moderate RCsin USGS-GAMA samples, it was reported at high and moderate RCsin the CDPH database during
September 16, 2007, through September 16, 2010, and, therefore, isincluded on this table.



Methods 21

Table 4B. Benchmark type and value and reporting limits for detected inorganic constituents having no benchmarks or present only at
low relative-concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient Monitoring and
Assessment Program (GAMA) Priority Basin Project.

[Relative-concentration (RC) is defined as the concentration measured in the sample divided by the concentration of the selected benchmark. For inorganic
constituents, RC less than or equal to 0.5 is defined as low. Benchmark type: Regulatory, health-based benchmarks: AL-US, USEPA action level;

MCL-CA, CDPH maximum contaminant level; MCL-US, USEPA maximum contaminant level. Non-regulatory, aesthetic/technical-based benchmarks:
SMCL-CA, CDPH secondary maximum contaminant level. Benchmark units: cm*STP/gH,0, cubic centimeters of gas at standard pressure and temperature
per gram of water; mg/L, milligrams per liter; pCi/L, picocuries per liter; per mil, parts per thousand; pmC, percent modern Carbon; std units, standard pH units;
°C, degrees Celsius; pg/L, micrograms per liter. Other abbreviations: CDPH, California Department of Public Health; na, not available; ssLc, sample-specific
critical level; USEPA, U.S. Environmental Protection Agency; USGS, U.S. Geological Survey; >, greater than; <, less than]

. Benchmarks . Reporting limits?
Constituent Units
Type' Value USGS CDPH
Inorganic constituents with benchmarks
Aluminum MCL-CA 1,000 po/L 17 50
Antimony MCL-US 6 Mg/l 0.027 6
Barium MCL-CA 1,000 Mo/l 0.4 na
Beryllium MCL-US 4 po/L 0.006
Cadmium MCL-US 5 po/L 0.016
Chromium MCL-CA 50 po/L 0.42
Copper AL-US 1,300 Mg/l 17 10
Gross beta particle activity MCL-US 50 pCi/L ssLc na
Nickel MCL-CA 100 po/L 0.36 10
Nitrite, as nitrogen MCL-US 1 mg/L 0.001 0.1
Selenium MCL-US 50 pg/L 0.03
Silver SMCL-CA 100 po/L 0.005
Sulfate SMCL-CA 500 mg/L 0.09
Thallium MCL-US 2 po/L 0.01 0.2
Zinc SMCL-CA 5,000 pg/L 4.8 20
Inorganic constituents with no benchmarks

Alkalinity, as CaCO, none none mg/L 4 na
Bromide none none mg/L 0.01 na
Calcium none none mg/L 0.022 na
Cobalt none none Mg/l 0.38 na
lodide none none mg/L 0.001 na
Lithium none none Mg/l 0.22 na
Magnesium none none mg/L 0.008 na
Nitrogen, total none none mg/L 0.05 na
Orthophosphate none none mg/L 0.004 0.04
Potassium none none mg/L 0.032 1
Silica none none mg/L 0.029 na
Sodium none none mg/L 0.06 na

Tungsten none none Mo/l 0.11 na
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Table 4B. Benchmark type and value and reporting limits for detected inorganic constituents having no benchmarks or present only at
low relative-concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient Monitoring and
Assessment Program (GAMA) Priority Basin Project—Continued

[Relative-concentration (RC) is defined as the concentration measured in the sample divided by the concentration of the selected benchmark. For inorganic
constituents, RC less than or equal to 0.5 is defined as low. Benchmark type: Regulatory, health-based benchmarks: AL-US, USEPA action level;

MCL-CA, CDPH maximum contaminant level; MCL-US, USEPA maximum contaminant level. Non-regulatory, aesthetic/technical-based benchmarks:
SMCL-CA, CDPH secondary maximum contaminant level. Benchmark units: cm*STP/gH,O, cubic centimeters of gas at standard pressure and temperature
per gram of water; mg/L, milligrams per liter; pCi/L, picocuries per liter; per mil, parts per thousand; pmC, percent modern Carbon; std units, standard pH units;
°C, degrees Celsius; pg/L, micrograms per liter. Other abbreviations: CDPH, California Department of Public Health; na, not available; ssLc, sample-specific
critical level; USEPA, U.S. Environmental Protection Agency; USGS, U.S. Geological Survey; >, greater than; <, less than]

. Benchmarks . Reporting limits?
Constituent Units
Type' Value USGS CDPH
Geochemical and age-dating tracers
*He/*He of helium none none dimensionless na na
87Sr/%6Sr of dissolved strontium none none dimensionless na na
Arsenic and iron redox species ratios none none dimensionless na na
Carbon-14 none none pmC na na
Dissolved oxygen none none mg/L na na
Noble gases (helium, neon, argon, krypton, xenon) none none cm3STP/gH,O na na
pH SMCL-US <6.50r >8.5 std units na na
Temperature none none °C na na
Tritium MCL-CA 20,000 pCi/L na na
"B of dissolved boron none none per mil na na
S%C of dissolved carbonates none none per mil na na
&%H and 30 stable isotopes of water none none per mil na na

*Maximum contaminant level benchmarks are listed as MCL-US when the MCL-US and MCL-CA areidentical, and as MCL-CA when the MCL-CA islower
than the MCL-US or no MCL-US exists. Sources of benchmarks: MCL-CA and SMCL-CA, California Department of Public Health (2013b); MCL-US and
AL-US, U.S. Environmental Protection Agency (2009a); NL-CA, California Department of Public Health (2010); HAL-US, U.S. Environmental Protection
Agency (2012); Prop MCL-US, U.S. Environmental Protection Agency (1999a).

2Nondetections are reported in the CDPH database as a concentration of zero or as less than the reporting limit. The most prevalent reporting limit as inferred
from data for nondetections s listed.

Table 5. Benchmark type and value and reporting limits for organic and special-interest constituents detected in samples collected for
the Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program
(GAMA) Priority Basin Project.

[Benchmark type: Regulatory, health-based benchmarks: AL-US, U.S. Environmental Protection Agency (USEPA) action level; HAL-US, USEPA lifetime
health advisory level; MCL-CA, California Department of Public Health (CDPH) maximum contaminant level; MCL-US, USEPA maximum contaminant level;
Prop MCL-US, proposed USEPA maximum contaminant level; RSD5-US, U.S. Environmental Protection Agency risk specific dose at a risk factor of 10E-5.
Non-regulatory, health-based benchmarks: NL-CA, CDPH notification level. Non-regulatory, aesthetic/technical-based benchmarks: SMCL-CA, CDPH
secondary maximum contaminant level. Benchmark unit: pg/L, micrograms per liter. Other abbreviations: USGS, U.S. Geological Survey]

Benchmarks Reporting limits In constituent
Constituent class that has
Type' Value Units USGS CDPH? assessment results
tabulated?
Pesticides

Insecticides and fungicides

Carbaryl RSD5-US 400 pg/L 0.06 na No
Metalaxyl none none none 0.014 na No
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Table5. Benchmark type and value and reporting limits for organic and special-interest constituents detected in samples collected for
the Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program

(GAMA) Priority Basin Project—Continued

[Benchmark type: Regulatory, health-based benchmarks: AL-US, U.S. Environmental Protection Agency (USEPA) action level; HAL-US, USEPA lifetime

health advisory level; MCL-CA, California Department of Public Health (CDPH) maximum contaminant level; MCL-US, USEPA maximum contaminant level;

Prop MCL-US, proposed USEPA maximum contaminant level; RSD5-US, U.S. Environmental Protection Agency risk specific dose at a risk factor of 10E-5

ng/L;. Non-regulatory, health-based benchmarks: NL-CA, CDPH notification level. Non-regulatory, aesthetic/technical-based benchmarks: SMCL-CA, CDPH
secondary maximum contaminant level. Benchmark unit: pg/L, micrograms per liter. Other abbreviations: USGS, U.S. Geological Survey]

Benchmarks Reporting limits In constituent
Constituent class that has
Type' Value Units USGS CDPH? assessment results
tabulated?
Pesticides—Continued
Herbicides and herbicide degradates
Deethylatrazine none none po/L 0.014 na No
3,4-Dichloroaniline none none po/L 0.0042 na No
Atrazine MCL-CA 1 Ho/L 0.008 na Yes®
Hexazinone HAL-US 400 po/L 0.008 na Yes®
Prometon HAL-US 100 po/L 0.012 na Yes®
Simazine MCL-US 4 pg/L 0.006 na Yes®
Tebuthiuron HAL-US 500 po/L 0.028 na Yes®
Volatile organic compounds (VOCs)
Trihalomethanes
Chloroform MCL-US* 80 po/L 0.03 0.5 Yes
Solvents
1,1-Dichloroethene (1,1-DCE) MCL-CA 6 po/L 0.02 0.5 No
Dichloromethane MCL-US 5 Ho/L 0.04 0.5 No
Tetrachloroethene (PCE) MCL-US 5 po/L 0.03 0.5 No
1,1,1-Trichloroethane (1,1,1-TCA) MCL-US 200 po/L 0.03 0.5 No
Gasoline hydrocarbons and oxygenates
Benzene MCL-CA 1 po/L 0.03 0.5 No
2-Ethyltoluene none none Ho/L 0.03 na No
|sopropylbenzene NL-CA 770 po/L 0.04 0.5 No
4-1sopropyltoluene none none po/L 0.06 na No
Methyl tert-butyl ether (MTBE) MCL-CA 13 pg/L 0.1 1 No
n-Propylbenzene NL-CA 260 po/L 0.04 0.5 No
1,2,3,4-Tetramethylbenzene none none Ho/L 0.1 na No
1,2,3,5-Tetramethylbenzene none none Mo/l 0.1 na No
1,2,3-Trimethylbenzene none none Mo/l 0.1 na No
1,3,5-Trimethylbenzene NL-CA 330 Ho/L 0.03 0.5 No
Other VOCs
Carbon disulfide NL-CA 160 Mo/l 0.04 0.5 No
1,4-Dichlorobenzene MCL-CA 5 Mo/l 0.03 0.5 No
Trichlorotrifluoroethane (CFC-113) MCL-CA 1,200 Mo/l 0.03 0.5 No
Special-interest constituents
Perchlorate MCL-CA 6 Mg/l 0.1 2 Yes

IMaximum contaminant level benchmarks are listed as MCL-US when the MCL-US and MCL-CA areidentical, and as MCL-CA when the MCL-CA islower

than the MCL-US or no MCL-US exists. Sources of benchmarks: MCL-CA and SMCL-CA, California Department of Public Health (2013b); MCL-US and

AL-US, U.S. Environmental Protection Agency (2009a); NL-CA, California Department of Public Health (2010); HAL-US and RSD5-US, U.S. Environmental

Protection Agency (2012); Prop MCL-US, U.S. Environmental Protection Agency (1999a).

2Nondetections are reported in the CDPH database as a concentration of zero or as less than the reporting limit. The most prevalent reporting limit as inferred

from data for nondetectionsis listed.

SThese five herbicides were evaluated as a class by using the sum of the relative concentrations of the individual constituents.

“The MCL-US for chloroform applies to the sum of the four trihal omethanes chloroform, bromodichloromethane, dibromochloromethane, and bromoform.

Only chloroform was detected in the CAMP study unit.
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Table 6. Constituents reported at concentrations greater than benchmarks in the California Department of Public Health (CDPH)
database historically (November 16, 1982, to September 15, 2007), but not during the 3-year time period used in status assessment
(September 16, 2007, to September 16, 2010), Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater
Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Benchmark type: Regulatory, health-based benchmarks: AL-US, USEPA action level; MCL-CA, CDPH maximum contaminant level; MCL-US, USEPA
maximum contaminant level. Non-regulatory, aesthetic-based benchmarks: SMCL-CA, CDPH secondary maximum contaminant level. Benchmark
units: mg/L, milligrams per liter; pCi/L, picocuries per liter; pg/L, micrograms per liter. Other abbreviations: mm/dd/yyyy, month/day/year;

USEPA, U.S. Environmental Protection Agency]

Benchmark Date of most Number of Number of
Constituent recent highvalue  wells with  wells with a
Type' Value Units (mm/dd/yyyy)  historical data  high value
Inorganic constituents
Antimony MCL-US 6 po/L 02/20/1997 226 1
Copper AL-US 1,300 po/L 08/05/1992 214 1
Fluoride? MCL-CA 2 mg/L 12/11/1996 270 1
Mercury?® MCL-US 2 po/L 12/18/2003 231 1
Nickel MCL-CA 100 Mo/l 05/21/2007 225 1
Nitrite, as nitrogen MCL-US 1 mg/L 02/07/2006 323 3
Radium-228 activity® MCL-US 5 pCi/L 03/05/2007 133 1
Sulfate SMCL-CA 500 mg/L 11/17/1989 231 1
Thallium MCL-US 2 po/L 12/14/1994 220 3
Organic constituents

Methy tert-butyl ether (MTBE) MCL-CA 13 po/L 11/05/2002 210 1
Tetrachloroethene (perchloroethene, PCE) MCL-US 5 po/L 02/22/2005 252 3
Trichloroethylene (TCE) MCL-US 5 po/L 03/09/2005 252 1

*Maximum contaminant level benchmarks are listed as MCL-US when the MCL-US and MCL-CA are identical and as MCL-CA when the MCL-CA islower
than the MCL-US or no MCL-US exists. Sources of benchmarks: MCL-CA and SMCL-CA, California Department of Public Health (2013b); MCL-US and
AL-US, U.S. Environmental Protection Agency (2009a); NL-CA, California Department of Public Health (2010); HAL-US, U.S. Environmental Protection
Agency (2012); Prop MCL-US, U.S. Environmental Protection Agency (1999a).

2Constituent detected at moderate rel ative concentrations within 3-year period in the CDPH database and in the grid-well dataset; therefore, it was selected for
additional evaluation in the status assessment for the study unit.

3Constituent not analyzed by U.S. Geological Survey-GAMA for the CAMP study unit.

The spatially weighted cal culations used the USGS-grid where

well dataset and data from the CDPH database. High-RC phigh isthe spatially weighted high-RC aquifer-
aquifer-scale proportion was cal culated for each constituent SAs scale proportion for the study area SA,
by computing the proportion of high-RC wellsin each cell and Wi is the number of wellsin a particular cell
then calculating the average proportion for the cellsin each in the study area having high RC for the
study area (equation 2; 1saaks and Srivastava, 1989; Belitz and constituent,
others, 2010). The moderate-RC aguifer-scale proportion was W, isthe number of wellsin aparticular cell
calculated similarly. SAc in the study area having data for the
constituent, and
\\/high Y. issummation over the number of cellsin the
zc% study area (the number of cellsis 15 for al
phish _ SAc @) 6 study areas).

SA's N
SA



The grid-based and spatially weighted approaches both
are designed to be spatially unbiased; however, the grid-based
approach sometimes does not detect constituents that are
present at high RCs (or moderate RCs) in small proportions of
the primary aguifer system. The spatially weighted approach
uses a greater number of wells and, therefore, has a greater
chance of detecting small targets. This situation rarely
occurred in the CAMP study unit because the 90 USGS-grid
wells provided the majority of the data for all constituents
except for nitrate.

High-RC aguifer-scale proportions for the study unit asa
whole were calculated as an area-weighted combination of the
grid-based or spatially weighted aquifer-scale proportions for
the six study areas (equation 3). Moderate-RC aquifer-scale
proportions were calculated similarly.

high _ high
PSU - ZSAF sal” sa ©

where

phigh is the area-weighted high-RC aquifer-scale
Su proportion for the CAMP study unit,

phigh is the high-RC aquifer-scale proportion for
SA study area SA,
E isthe fraction of the study unit gridded area

SA occupied by study area SA (table 2), and

ZSA is summation over the six study areas.

Study unit detection frequencies for organic constituents
also were calculated as area-weighted detection frequencies.
The grid-based detection frequency in each study areawas
calculated by using equation 1 with Ng,"%" replaced by the
number of samples with detections, and then the detection
frequency for the study unit as awhole was calculated by
using equation 3. Because of the area weighting, the study unit
detection frequencies for organic constituents in this report can
differ from the unweighted detection frequencies reported by
Shelton and others (2013).

In addition, for each constituent, the raw frequencies
of occurrence of high and moderate RCs for individual
constituents were calculated by using the same dataset as was
used for the spatially weighted cal culations. However, these
raw occurrence frequencies are not spatially unbiased because
the wellsin the CDPH database are not uniformly distributed
(fig. 4). For example, if a constituent was present at high RCs
inasmall region of the aquifer that had a high density of
wells, the raw occurrence frequency of high RCswould be
greater than the high aquifer-scale proportion. Raw occurrence
frequencies are provided for reference, but were not used to
assess aquifer-scale proportions.
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Understanding Assessment

The purposes of the understanding assessment were
to place groundwater quality in a physical and chemical
context and to better understand the natural and human factors
affecting groundwater quality. The assessment was based on
the statistical strength of relations between concentrations
or occurrences of selected water-quality constituents and
values of selected potential explanatory factors. The potential
explanatory factors evaluated were land use near the well,
septic and underground-storage tank densities near the well,
study area, aquifer lithology, depths to the top and bottom
of the open or screened interval in the well, aridity index,
groundwater age, oxidation-reduction conditions, and pH.
Correlations among these factors that could affect apparent
relations between aquifer lithology and water quality are also
described. Data were compiled for the 90 USGS-grid wells
sampled by USGS-GAMA. Other CDPH wells were not used
for the under standing assessment because ancillary datafor
most of the CDPH wells were not available. This section
describes the methods used for (1) selecting constituents
for evaluation and (2) testing the statistical significance of
correlations.

Selection of Constituents for Understanding
Assessment

Constituents present at high RCs in greater than
approximately 2 percent of the primary aquifer system were
selected for evaluating relations between potential explanatory
factors and groundwater quality. Nine inorganic constituents
met this criterion and, therefore, have an under standing
assessment section in thisreport (table 44). No organic or
special-interest constituents were present at high RCsin
greater than approximately 2 percent of the primary aquifer
system.

Organic constituent classes containing at least one
individual constituent with an area-weighted detection
frequency in the study unit as awhole of greater than
10 percent and special-interest constituents with an area-
weighted detection frequency greater than 10 percent also
were selected for evaluating relations between potential
explanatory factors and groundwater quality. Two organic
constituent classes, trihalomethanes and herbicides, and the
special-interest constituent perchlorate met this criterion and,
therefore, have an understanding assessment section in this
report (table 5).
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Statistical Analysis

Nonparametric statistical methods were used to test the
significance of correlations among the factors and between the
factors and water-quality constituents. Nonparametric statistics
are robust techniques that generally are not affected by
outliers and do not require that the data follow any particular
distribution (Helsel and Hirsch, 2002). The significance level
(p) used for hypothesis testing for this report was compared to
a threshold value () of 5 percent (0¢=0.05) to evaluate whether
the relation was statistically significant (p less than o).

Three different statistical tests were used because the
set of potential explanatory factors included categorical and
continuous variables. Groundwater age, aquifer lithology,
study area, oxidation-reduction class, and depth class were
treated as categorical variables: for example, groundwater ages
were classified as modern, pre-modern, or mixed. Land use,
septic-tank density, leaking or formerly leaking underground-
storage tank (UST) density, aridity index, elevation, depths
to top and bottom of screened or open interval, pH, and
dissolved oxygen were treated as continuous variables; for
example, land use was represented by percentages of land-use
types. Depth and oxidation-reduction status were treated both
as continuous (depth to top and bottom of screened or open
interval and DO concentration, respectively) and as categorical
(depth class as spring, shallow well, overlapping well, or
deep well, and oxidation-reduction class as oxic or anoxic)
variables (appendix A).

Correlations between continuous variables were
evaluated by using the Spearman’s rho (p) test to calculate the
rank-order correlation coefficient (p) and the significance level
of the correlation (p).

Relations between categorical variables and continuous
variables were evaluated by using a multi-stage Kruskal-
Wallis test to determine whether one or more of the groups
had a significantly different median. The Kruskal-Wallis test
is equivalent to the Wilcoxon rank-sum test for a categorical
variable with two values. Pairwise Wilcoxon rank-sum tests
were not used because the overall significance level for six
pairwise tests with 0=0.05 for a categorical variable with
4 groups is 0=0.26 (Helsel and Hirsch, 2002). If the Kruskal-
Wallis test detected a significant difference among the
medians, then Tukey’s multiple comparison test was applied to
the ranks of the data to determine which pairs had significantly
different mean ranks. (Helsel and Hirsch, 2002).

Relations between categorical variables were evaluated
by using contingency tables. For the contingency table
analysis, the data are recorded as a matrix of counts. One
variableis assigned to the columns and the other to the rows,
and the entriesin the cells of the matrix are the number of
observations that are in the categories corresponding to the it
row and j™ column of the matrix. A test statistic is computed

by comparing the observed counts to the counts expected

if the two variables are independent, and significance is
determined by comparing the test statistic to the (1-a)) quantile
of achi-squared distribution (Helsel and Hirsch, 2002). If the
contingency table test yielded a result of significance, then
the location of the most important pairs was determined by
comparing magnitudes of the components of the test statistic
to each other.

Contingency table tests also were used to evaluate
whether aquifer-scale proportions for a constituent were
significantly different among the six study areas. For these six-
by-two contingency tables, the entries in the cells of the matrix
are determined from the number of wellsin a study areafor
which there were data for the constituent and the aquifer-
scale proportions. Contingency tables were constructed to
evaluate whether the high-RC aquifer-scale proportion was
significantly different among the study areas and to evaluate
whether the proportion having high-RC or moderate-RC
significantly differed among the study areas. For example, if
astudy area had 24 wells with data for a constituent, and the
high-RC and moderate-RC aquifer-scale proportions were
1.2 percent and 8.7 percent, respectively, the entries for that
study areawould be [0.29 23.7] in the contingency table
testing whether the high-RC aquifer-scale proportion was
significantly different among the study areas and [2.38 21.62]
in the contingency table testing whether the proportion having
high-RC or moderate-RC significantly differed among the
study areas.

Characteristics of the Primary Aquifer
System

The CAMP study unit covers a broad range of geologic,
hydrologic, and land-use settings. Data for a finite set of
potential explanatory factors were compiled: geology, land
use and densities of leaking (or formerly leaking) underground
storage tanks and septic systems, hydrologic conditions, well
depth and groundwater age, and geochemical conditions.
Methods used for assigning values of potential explanatory
factors to the CAMP study-unit wells are described in
appendix A.

Correlations among explanatory factors are important to
identify because apparent correlations between an explanatory
factor and a water-quality constituent could reflect correlations
between that explanatory factor and other explanatory factors
rather than a causative relation between that explanatory
factor and the water-quality constituent. Results of statistical
tests of correlations among potential explanatory factors are
summarized in tables 74—C.
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Table 7B. Results of Spearman’s tests for correlations between selected potential explanatory factors, Cascade Range and Modoc
Plateau study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Abbreviations: p (rho), Spearman’s correlation statistic; USTs, leaking (or formerly leaking) underground storage tanks; <, less than p-values (significance
level of the Spearman’s test) less than threshold value (a) of 0.05 are considered significant: bold black text, significant positive correlation; bold red text,
significant negative correlation]

Depth Depth to

Density .
p-value Percentage Percentage of Density Aridity ) to top of bottom of Dissolved
of natural of urban . . Elevation screened  screened pH oxygen
(p) septic of USTs index .
land use land use or open or open concentration
tanks . .
interval interval’

Percentage of <0.001 0.065 0380 0535 [<0.001 0.562 0.522 0.264 <0.001 <0.001
agricultural -0.64 0.20 -0.09 -0.07 | -058 0.06 -0.08 -0.13 0.38 -0.55
land use

Percentage of <0.001 0.093 0.539  <0.001 0.648 0.566 0.411 0.082 0.001
natural land -0.81 -0.18 -0.07 | 040 -0.05 -0.07 -0.10 -0.18 0.335
use

Percentage of 0.055 0342 @ 0.036 0.206 0.286 0.022 0.789 0.253
urban land use 0.20 0.10 -0.22 0.13 0.13 0.27 0.03 -0.122

Density of septic <0.001 0.003 <0.001 0.811 0.756 0.007 0.103
tanks 0.44 0.31 -0.38 -0.03 0.04 -0.28 0.17

Density of USTs 0.001 0.003 0.061 0.030 0.024 0.455

0.33 -0.31 0.23 0.25 -0.24 0.08

Aridity index 0.043 0.523 0.967 <0.001 <0.001

-0.21 0.08 0.00 -0.67 0.60
Elevation 0.361 0.958 0.013 0.937
0.12 -0.01 0.26 0.01

Depth to top of <0.001 0.093 0.900
screened or 0.63 0.21 0.02
open interval

Depth to bottom 0.057 0.335
of screened or -0.11
open interval®

pH <0.001

-0.54

‘Eleven wells did not have datafor depth to the bottom of the screened or open interval, but did have data for well depth (table 42). Well depth data were used
to represent data for the depth of the bottom of the screened or open interval for these wells.
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Table 7C. Results of contingency table tests for associations between selected potential explanatory factors, Cascade Range and
Modoc Plateau study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.

[If contingency table test indicated a significant relation between the factors (p<0.05), then the correlations contributing most to that significant relation were
identified from the components of the contingency table test statistic. Study area: ES, Sacramento Valley Eastside; HL, Honey Lake Valley; LU, Cascade
Range and Modoc Plateau Low-Use Basins; QV, Quaternary Volcanic Areas; SH, Shasta Valley and Mount Shasta VVolcanic Area; TV, Tertiary Volcanic Aress.
Geology class: G, granitic and sedimentary; M, metamorphic or metamorphic and sedimentary or metamorphic and volcanic; S, sedimentary; V, volcanic;
V'S, sedimentary and volcanic (see appendix A for explanation). Depth class: Deep, top and bottom of perforations >200 ft; Overlapping, top of perforations
<200 ft and bottom of perforations >200 ft; Shallow, top and bottom of perforations <200 ft; Spring, groundwater emerges at land surface without pumping.
Age class: Mixed, tritium>0.5 TU and *C<90 pmc; Modern, tritum>0.5 TU and **C>90 pmc; pre-modern, tritium<0.5 TU (see appendix A for explanation).
Redox class: anoxic, DO<1.0 mg/L; mixed, DO>1.0 mg/L and Mn>50 pg/L and/or Fe>100 pg/L; oxic, DO>1.0 mg/L and Mn<50 pg/L and Fe<100 pg/L.
Samples classified as mixed were grouped into the anoxic class for analysis (appendix A). Other abbreviations: DO, dissolved oxygen; ft, feet below land
surface; LUFTSs, leaking underground fuel tanks; mg/L, milligrams per liter; ns, no significant differences; pmec, percent modern carbon; TU, tritium units;

>, greater than; <, less than; pg/L, micrograms per liter]

p-value

signficant Geology Depth Age Redox
R class class class class
relations
Study area <0.001 0.174 0.017 0.029
G and Slithology wellsarein ns HL wells are more likely to have SH wells are more likely to have
the HL study area; M lithology pre-modern groundwater, and SH oxic groundwater.
wellsarein the SH study area; VS wells are less likely to have pre-
lithology wells arein the LU study modern groundwater.
area.
Geology 0.387 0.360 0.021
class ns Wellsin sedimentary deposits are
more often anoxic than wellsin
volcanic rocks.
Depth class 0.018 0.339
Pre-modern groundwater is more ns
likely to be found in deep wells than
in springs or shallow wells, and
modern groundwater is more likely
to be found in shallow wells than in
deep wells.
0.072
ns

Geology

Geology was quantified by two potential explanatory
factors: study area and aquifer lithology. As discussed in the
“Description of Study Unit” section, the six study areas are
geologically distinct. Aquifer lithology in the CAMP study
unit was defined by classifying the lithologic descriptions in
the CDWR well completions reports and the surficial geology
on the State geologic map (Jennings, 1977; Saucedo and
others, 2000) into four categories. Mesozoic granitic rocks,
Mesozoic and Paleozoic metamorphic rocks, Quaternary
sedimentary deposits, and Tertiary and Quaternary volcanic
rocks (appendix A).

As expected from the definitions of the study areas,
aquifer lithology was correlated with study area. Most CAMP
study-unit wells had screened or open intervalsin volcanic
rocks (47 wells) or in both volcanic rocks and sedimentary
deposits (17 wells) (table AT). As expected, all of the wells
inthe QV and TV study areas had open intervals in volcanic

rocks, and for 26 of the 30, volcanic rocks were the only
aquifer lithology. The majority of the wellsin the LU study
area had screened or open intervals in both sediment and
volcanic rocks and only two were screened solely in sediment,
likely reflecting preferential siting of public-supply wells in
zones with greater yields. Wellsin volcanic rocks generally
had greater yields than those in sediments (Gannett and others,
2007). The majority of the wellsin the ES and SH study areas
had open intervalsin volcanic rocks. The HL study areawas
the only study areain which no wells had open intervalsin
volcanic rocks; all were screened in sediments. Three wellsin
the HL study area also had screened intervals in the underlying
granitic rocks, and 4 wellsin the SH study area aso had
screened or open intervals in underlying metamorphic rocks.
These seven wells were located near the margins of the HL
and SH groundwater basins where the alluvial sediments were
relatively thin. One well inthe TV study area north of the SH
study area had open intervals in both the volcanic rocks of the
Western Cascades series and the underlying metasedimentary
rocks.



Land Use

Land use was classified using an enhanced version of
the satellite-derived (30-meter pixel resolution), nationwide
USGS National Land Cover Dataset (Nakagaki and others,
2007). This dataset has been used in previous national and
regional studies relating land use to water quality (Gilliom
and others, 2006; Zogorski and others, 2006). The data
represent land use during the early 1990s. About two-thirds
of the CAMP study-unit wells had groundwater classified as
mixed or pre-modern age, indicating presence of groundwater
recharged many decades to thousands of years ago, perhaps
(see ‘Well Depth and Groundwater Age’ section); therefore,
land-use patterns from several decades ago were thought more
likely to be relevant to the groundwater samples than current
land-use patterns. The imagery is classified into 25 land-cover
classifications (Nakagaki and Wolock, 2005). These 25 land-
cover classifications were condensed into 3 principal land-use
categories: urban, agricultural, and natural (see appendix A).

Land use in the whole CAMP study unit was 80.1 percent
natural (forests, shrub lands, grasslands, rock, bare ground,
and ice), 15.8 percent agricultural, and 4.1 percent urban
(figs. 5, 6A). Natural land consists mainly of forestsin the
western part of the study unit and at higher elevations, and
of shrub lands and grasslands in the eastern part and at lower
elevations (fig. 5). Much of the natural land in the study unit is
overseen by the U.S. Forest Service (Lassen, Modoc, Shasta-
Trinity, and Klamath National Forests) and may be used for
open-range livestock grazing. Natural land use accounts for
75 percent to 95 percent of the ES, HL, QV, SH, and TV study
areas (fig. 6A).

Agricultural land use was unevenly divided among the
study areas. More than half of the LU study area was used for
agriculture; whereas, less than 2 percent of the ES, QV, and
TV study areas were used for agriculture (fig. 64). Most of the
agricultural land was used for pasture or alfalfa hay and other
silage; although wheat, barley, potatoes, wild rice, mint, and
other crops also were grown (U.S. Department of Agriculture,
2007). Urban land use constituted less than 5 percent of
the land use in the CAMP study unit. The popul ation was
dispersed, with an average population density of less than
20 people per square mile (people/mi?), compared to an
average density of 239 people/mi? for the state as awhole, and
the population density was greater than 100 people/mi? in only
about 1 percent of the study unit (California Department of
Finance, 2010).

Average land use around wells differed from the overall
land use in the study unit because wells are preferentially
located where there are people living, working, or recreating.
Average land use in the area within the 500-m buffers around
the USGS-grid wells was 17.7 percent urban and 10.9 percent
agricultural. Unlike many other GAMA Priority Basin Project
study units, the average land use around the USGS-grid
wells was similar to the average land use around the CDPH
wells (fig. 64). This could reflect the dispersed population in
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the study unit. Of the 230 public water systems listed in the
CDPH database for the study unit, nearly 60 percent served
less than 100 people, and only 10 percent served more than
1,000 people. Many of the GAMA Priority Basin Project
study units have areas with dense populations that are served
by public-water systems that have numerous wellsin a small
area. In contrast, the CDPH wellsin the CAMP study unit are
not markedly clumped.

Land use was correlated with study area and aquifer
lithology. Wellsin the LU and HL study areas were
surrounded by significantly greater percentages of agricultural
land use than wellsin the ES, QV, and TV study areas, and
wellsin the LU study area were surrounded by more urban
land use than wellsin the QV and TV study areas (table 7A).
These correlations resulted from the concentration of
agricultural activity in areas with thicker soils and sediments,
and the greater density of population in agricultural areas
compared to natural areas. Wells with sedimentary aquifer
lithology were surrounded by significantly greater percentages
of agricultural land use than wells with volcanic or volcanic
and sedimentary aquifer lithology (table 7A). The percentage
of urban land use was not correlated with aquifer lithology
because the majority of wellsin the LU study area had open
intervals in volcanic rocks beneath the surficial sediments of
the groundwater basins.

Septic tanks and leaking (or formerly leaking)
underground storage tanks are markers of land-use patterns.
Densities of septic tanks and USTs in the 500-m buffers
around the USGS-grid wells were calculated from U.S. Census
data (U.S. Census, 1990) and locations of environmental
cleanup sites (California State Water Resources Control Board,
2007), respectively (appendix A). Septic tanks generally are
associated with dispersed residences or small communities
because larger urban areas generally have collective sewer
systems. Therefore, septic tanks can be in areas classified as
natural or agricultural land use in addition to areas classified
as urban land use. The density of septic tanksin the 500-m
buffers around the USGS-grid wells in the study unit ranged
from 0 to 256 tanks per square kilometer (tanks’km?), with
amedian density of 1.2 tanks’km? (table A1). Dispersed
residential development outside of citiesis more likely to
have individual septic systems than a collective sewer system
because of the costs associated with constructing sewage
collection and treatment systems. Septic-tank densities were
greater in the ES and SH study areas than in the LU and QV
study areas (table 7A).

The density of USTsin the 500-m buffers around
the USGS-grid wellsin the study unit ranged from 0O to
1.82 tanks/km?, with a median density of 0.01 tanks/km?
(table A1). The UST densities were greater in the SH study
areathaninthe HL, LU, and QV study areas (table 7A). The
UST density showed positive correlation with septic-tank
density (table 7B), consistent with the higher UST and septic-
tank densities in the SH study area compared to other study
areas (table 7A).
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Hydrology

Hydrologic conditions were represented by the UNESCO
aridity index (United Nations Educational, Scientific, and
Cultural Organization, 1979; United Nations Environment
Programme, 1997), and elevation at the well site (table A2).
The aridity index is the average annual precipitation divided
by the average annual evapotranspiration; greater values
correspond to wetter conditions (appendix A). Climate in the
CAMP study unit ranges from arid to wet, and the aridity
index isrelated to the elevation and position relative to the
rain shadows of the Klamath Mountains and the Cascade
Range.

Aridity index showed a negative correlation with
elevation for the dataset as awhole (table 7B), but showed
positive correlations with elevation for individual study areas
(Spearman’s test: ES, p=0.043, p=0.53; HL, p=0.001, p=0.78;
SH, p<0.001, p=0.86). A positive correlation was expected
because of the orographic effect: Air masses moving over
rising terrain are forced upwards, and adiabatic cooling results
in precipitation; therefore, precipitation generally increases
with elevation on the windward side of mountain ranges.

The leeward side of the mountain rangeisadry area, arain
shadow, because the air mass descending the leeward side has
aready been stripped of moisture. Precipitation on the leeward
side generally is still positively correlated with elevation,

but the amount of precipitation at a given elevation is much
less than on the windward side. Storm systemsin northern
Cadlifornia generally move from west to east, and alarge part
of the study unit isin the rain shadow east of the Klamath
Mountains or the Cascade Range. The negative correlation

for the dataset as a whole was driven by the fact that the HL
study area and most of the LU study area receive the least
precipitation because they are in the rain shadows of multiple
mountain ranges, but the USGS-grid wells in those areas are
at higher elevations than most of the USGS-grid wellsin the
other study areas.

Well Depth and Groundwater Age

The primary aguifer system in the CAMP study unit
was defined as the depth interval over which wells in the
CDPH database are screened or open. The 90 USGS-grid
wells sampled by USGS-GAMA for the CAMP study unit
were considered representative of the primary aquifer system,
thus, depth characteristics of these sites can be used to define
the primary aquifer system. Of the 63 wells having data for
well depth and depth to the bottom of the screened or open
intervals, the two depths were equal for 48 of the wells
(76 percent). Therefore, depth to the bottom of the screened
or open interval was assumed to be equal to well depth for the
11 wells lacking data for depth to the bottom of the screened
or open interval (table A2).

Nine of the sites sampled by USGS-GAMA were springs
(table A2). At least one spring site was sampled in each of

the study areas with the exception of the HL study area, and
two-thirds of the springs were in either the QV or the SH
study area. For the sites that were wells, median depthsto

the tops of the screened or open intervals ranged from 60 feet
below land surface (ft bls) in the HL study areato 276 ft bls
in the ES study area (fig. 74), and there were no significant
differences among the study areas (table 7A). Median depths
to the bottoms of the screened or open interval (or bottom

of well if datafor the depth to the bottom of the screened or
open interval were not available) ranged from 188 ft blsin the
SH study areato 475 ft blsin the ES study area (fig. 75), and
wells in the ES study area were significantly deeper than those
in the SH study area (table 7A). Springs were not included in
the statistical testsinvolving relations with depths to tops or
bottoms of the screened or open intervals.

Brown and Caldwell (2007) catal ogued the depths of
3,193 domestic and 407 irrigation wellsin Lassen County
from a CDWR database of well completion reports. Lassen
County covers approximately one-quarter of the CAMP
study area and includes all of the HL study area and parts
of the LU, QV, and TV study areas. The median depths of
wellsin the primary aquifer system in those four study areas
(216 to 344 ft bls; fig. 7B) was greater than the median depth
of domestic wellsin Lassen County (150 ft bls), and less
than the median depth of irrigation wells in Lassen County
(425 ft bls). This suggests that public-supply wellsin the
four study areas generally are deeper than domestic wells.
However, the division between domestic and municipal wells
for the CDWR well completion reportsis not the same as the
division between private and public wells for the CDPH. At
the time of this study, the CDPH database for Lassen County
listed 76 public-supply wells, whereas Brown and Caldwell
(2007) reported 17 municipa wellsin the CDWR well
completion report database. Johnson and Belitz (2015) found
that approximately 20 percent of wells reported as domestic
on CDWR well completion reports statewide were listed as
owned by an entity other than a private individual, and thus
may be considered small-system or public-supply wells by
CDPH.

Groundwater “age’ refersto the amount of time elapsed
since the water was last in contact with the atmosphere and
isrelated to its residence time in the aquifer system. Data
for the age-dating tracerstritium and carbon-14 were used
to classify groundwater ages into three categories: modern,
mixed, and pre-modern (appendix A). Tritium values greater
than 0.5 tritium units (TU) were defined as indicating presence
of some groundwater recharged since 1952. The *C values
greater than 90 percent modern carbon (pmc) were defined
asindicating presence of some groundwater recharged since
1952. Samples with tritium activities less than 0.5 TU were
classified as “pre-modern” groundwater; samples with trittum
activities greater than 0.5 TU and *C values greater than
90 pmc were classified as “modern” groundwater. Samples
with tritium activities greater than 0.5 TU and “C vaues less
than 90 pmc were classified as “mixed” groundwater.
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Of the 90 USGS-grid well samples collected by USGS-
GAMA, 34 were classified as having modern groundwater, 20
as having mixed groundwater, and 33 as having pre-modern
groundwater (table A4). In addition, three wells with tritium
activities greater than 0.5 TU could not be categorized as
modern or mixed because of alack of *C data; these wells
were excluded from statistical tests and plots for which the
three age classes were handled separately.

Wells with pre-modern groundwater had significantly
greater depths to the bottoms of the screened or open
intervals than did wells with modern or mixed groundwater
(table 7A). Classified groundwater ages were used to create a
classification system for depth class. The boundary between
shallow and deep—the critical depth—was determined by
optimizing the segregation of modern and pre-modern age
samplesinto shallow and deep wells, respectively. Wells
with screened or open intervals entirely above the critical
depth were defined as shallow (22 wells); wells with screened
or open intervals beginning above the critical depth and
ending below the critical depth were defined as overlapping
(28 wells); and wells with screened or open intervals entirely
below the critical depth were defined as deep (23 wells)
(table A2). For the CAMP study unit, the critical depth was
200 ft bls (fig. 84). Wells deeper than 200 ft bls and lacking
data for depth to the top of the screened or open interval were
defined as overlapping or deep (five wells); wells with the
depth to the top of the screened or open interval less than
200 ft bls and lacking data for well depth were defined as
overlapping or shallow (one well); these wells were excluded
from statistical tests and plots for which the four depth classes
were handled separately. Two wells had insufficient data for
classification. The nine springs were considered a separate
class.

This classification system was based on the assumption
that depth class and age class were related. Pre-modern
groundwater was more common in deep wells and less
common in springs and shallow wells, and modern
groundwater was more common in shallow wells and
less common in deep wells (table 7C); however, al three
groundwater age classes were found in all four depth classes,
and about 20-35 percent of the samples from all four depth
classes yielded mixed-age groundwater (fig. 84). Age class
also was significantly related to study area. The HL study area
had a greater proportion of pre-modern groundwater, and the
SH study area had a greater proportion of mixed groundwater
and alower proportion of pre-modern groundwater compared
to the other study areas (table 7C; fig. 8C). Age class and
depth class were not correlated with measures of land use
(table 7A). Sites with modern groundwater had significantly
greater aridity indices (indicating wetter conditions) than
sites with pre-modern groundwater, reflecting the greater
abundance of pre-modern groundwater in the HL study area,
the most arid (lowest aridity index value) study area.

Geochemical Conditions

Groundwater geochemical conditions were represented
by oxidation-reduction conditions and pH. Oxidation-
reduction conditions were classified on the basis of dissolved
oxygen (DO), nitrate, manganese, and iron concentrations
by using a modified version of the classification scheme of
McMahon and Chapelle (2008) and Jurgens and others (2009).
The primary modification was that the DO threshold for
separating oxic from anoxic groundwater was increased from
0.5 mg/L to 1 mg/L (Fram and Belitz, 2012). For amajority
of the sitesin the CAMP study unit (72 of the 90 USGS-grid
wells [80 percent]), the groundwater was classified as oxic
(DO greater than or equal to 1 mg/L) (tables A5, A6). At
least some portion of the water was anoxic in the remaining
20 percent of the wells; 5 wells (6 percent) were classified as
mixed, and 13 wells (14 percent) were classified as anoxic.
Mixed and anoxic conditions were further subdivided into
suboxic, nitrate-reducing, manganese-reducing, and iron-
reducing conditions, or a combination of two reducing
conditions (tables A5, A6). Correlations between oxidation-
reduction conditions and other potential explanatory factors
were tested with oxidation-reduction conditions represented by
a continuous variable (DO concentration) and by a categorical
variable (redox class). For statistical testsinvolving redox
class, anoxic and mixed categories were combined.

Oxidation-reduction conditions and pH were significantly
related to study area, aquifer lithology, groundwater age, and
depth class (table 7A). DO concentrations were significantly
greater in springs than in shallow, overlapping, or deep wells,
greater in modern and mixed groundwater than in pre-modern
groundwater, and greater in samples from volcanic aquifer
lithology than in samples from sedimentary aquifer lithology
(table 7A). These observations imply that the CAMP study
unit springs discharge water that has had extensive, recent
interaction with the atmosphere. Groundwater newly entering
the agquifer system likely has not interacted extensively with
organic matter or reduced inorganic aquifer materials, and thus
DO would not have been consumed. The sedimentary deposits
in the CAMP study unit include lacustrine sediments, which
commonly contain organic matter. In contrast, volcanic rocks
generally have alow abundance of organic matter; thus, DO in
groundwater in volcanic rocks can be consumed less rapidly
than DO in groundwater in sedimentary deposits of the CAMP
study unit. These relations could account for the significantly
higher DO concentrations in samples from the QV and TV
study areas compared to the HL study area (table 7A; fig. 94)
and the significantly greater proportion of samples classified
asoxic in the SH study area compared to the other study areas
(table 7C).
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Figure 9. Values for groundwater samples from the six study areas, Cascade Range and Modoc Plateau study (CAMP) unit,
2010, California Groundwater Ambient Monitoring and Assessment (GAMA) Program Priority Basin Project. A, dissolved oxygen
concentration and B, pH.



The pH values showed a strong negative correlation with
DO concentration (table 7B), and, accordingly, pH values
were significantly greater in deep and overlapping wells than
in springs or shallow wells, and in pre-modern groundwater
than in modern or mixed groundwater (table 7A). Precipitation
in the CAMP study unit is dilute and acidic: median
specific conductance values were less than 5 microsiemens
per centimeter (uS/cm), and median pH values were
approximately 5.4 for annual wet deposition at National
Atmospheric Deposition Program sites within the boundaries
of the CAMP study unit (National Atmospheric Deposition
Program, 2012). These low pH values are primarily controlled
by the equilibrium between atmospheric carbon dioxide and
carbonic acid (H,CO,) in solution (Stumm and Morgan, 1996).
Asthe length of contact time between groundwater and the
aquifer materials increases, pH values generally rise as acid
is consumed by weathering reactions of silicate minerals and
dissolution of carbonate minerals (if present) (Stumm and
Morgan, 1996). The pH values were greater in the HL study
areathan in the ES and SH study areas (fig. 9B), reflecting that
samples from the HL study area were more commonly pre-
modern age.

Status and Understanding of
Groundwater Quality

The following discussion is divided into two parts,
one for inorganic constituents and the other for organic
constituents, and each part has atiered structure. Each part
begins with a survey of the number of constituents that were
detected at any concentration in the USGS-grid well samples
compared to the number analyzed, and a graphical summary
of the RCs of constituents detected in the USGS-grid wells.
Aquifer-scale proportions are then presented for constituent
classes and for the subset of individual constituents that were
present at moderate or high RCs (constituents present only
at low RCs have aquifer-scale proportions of 100 percent
low-RC). Finaly, results of statistical testsfor relations
between water quality and potential explanatory factors are
presented for the smaller subset of individua constituents and
constituent classes that met further criteria based on RCs or,
for organic constituents, detection frequency.

Inorganic Constituents
Inorganic constituents generally occur naturally in

groundwater, although their concentrations can be influenced
by human activities as well as by natural factors (Hem, 1985).
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Of the 45 inorganic constituents analyzed by USGS-GAMA,
24 had regulatory or non-regulatory health-based benchmarks,
8 had non-regulatory aesthetic-based secondary maximum
contaminant level (SMCL) benchmarks, and 13 had no
established benchmarks (table 44, 4B). Of the 32 inorganic
constituents with benchmarks, 17 were detected at moderate
or high RCs in samples collected by USGS-GAMA for the
CAMP study unit or were reported in the CDPH database

at moderate or high RCsin samples collected from any

well between September 16, 2007, and September 16, 2010
(table 44). The other 28 inorganic constituents either had no
established benchmarks or were only detected at low RCs
(table 4B). Most of the constituents without benchmarks are
major or minor ions that are present in nearly all groundwater.

Of the 17 inorganic constituents, 16 were detected at
moderate or high RCsin the USGS-grid wells: the nutrients
ammonia and nitrate; the trace elements arsenic, boron,
fluoride, molybdenum, strontium, and vanadium; the
radioactive constituents gross al pha particle activity, radon-
222 activity, and uranium; and the constituents with SMCL
benchmarks chloride, iron, manganese, specific conductance,
and total dissolved solids (TDS) (table 44; figs. 10, 114-C).
The majority of these 16 constituents were detected at
moderate or high RCsin 6 percent or less of the grid wells
(figs. 114—C). Lead was reported at moderate or high RCsin
4 wellsin the CDPH database between September 16, 2007,
and September 16, 2010; thus the high-RC and moderate-RC
aquifer-scale proportions for lead were not zero when
calculated by using the spatially weighted approach (table 44).
However, discrepancies between lead concentrations measured
by USGS-GAMA and those reported by CDPH for samples
from the same wells indicate that the datain the CDPH
database for samples from wellsin the CAMP study unit could
be unreliable (appendix B). Lead was not included in the
calculation of aquifer-scale proportions for trace elements as a
class or for inorganic constituents as a class.

Aquifer-scale proportions for individual inorganic
constituents are summarized in rable 8 for the CAMP study
unit and in tables C14—F for the six study areas. Aquifer-scale
proportions for inorganic constituent classes are summarized
in table 94 for inorganic constituents with health-based
benchmarks and in table 9B for inorganic constituents
with SMCL benchmarks, and results of statistical tests of
differences in aquifer-scale proportions among the study
areas are given in table 10. The geographic distributions of
concentrations of the six inorganic constituents for which
understanding assessment results are presented are shown in

figures 124—F. Results of statistical tests for relations between
water quality and potential explanatory factors are presented
intables 114-B and 12 for these six constituents.
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Figure 12. Concentrations in water samples from U.S. Geological Survey (USGS)-grid wells and all wells in the California Department

of Public Health (CDPH) database with data during the 3-year period used in the status assessment from September 16, 2007, through
September 16, 2010, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and

Assessment (GAMA) Program Priority Basin Project of A, arsenic; B, boron; C, molybdenum; D, vanadium; E, uranium; F, total dissolved

solids; G, manganese; and H, iron.
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Table 8. Aquifer-scale proportions for inorganic constituents detected at high or moderate relative concentrations in the Cascade
Range and Modoc Plateau study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority

Basin Project.

51

[Relative-concentration (RC) is defined as the concentration measured in the sample divided by the concentration of the selected benchmark. RC categories for
inorganic constituents: high, RC>1.0; moderate, 1.0>RC>0.5; low, RC<0.5. Inorganic constituents not listed in this table either do not have benchmarks or were
detected only at low RCs. Benchmark types and values listed in table 44. Other abbreviations: SMCL, secondary maximum contaminant level]

Raw occurrence

Number frequency’ Aqulfer-zt::rlsep;tt;porﬂons ggnl;;':::;

. (percent) interval for

Constituent Spatially weighted' Grid-based? grid-based
Wells  Cells Mod:éate- High-RC Moderate- . Moderate- ,. high-RC

RC High-RC RC High-RC proportion?

Nutrients
Ammonia 90 90 12 0 12 0 1.2 0 0.0-15
Nitrate 253 90 18 0.4 19 0.9 18 0.9 0.1-39
Trace elements and minor ions with health-based benchmarks
Arsenic 159 90 6.4 3.8 7.1 3.7 74 2.7 0.9-6.7
Boron 115 90 6.8 21 7.5 25 7.5 25 0.8-64
Fluoride 151 o) 12 0 13 0 18 0 0.0-15
Lead 137 90 15 2.1 0.9 11 0 0 0.0-15
Molybdenum 0] 20 0 22 0 21 0 21 0.5-5.8
Strontium o) o) 0.9 0 0.9 0.0 0.9 0 0.0-15
Vanadium 120 90 9.3 14 9.9 1.3 11.3 1.8 0554
Radioactive constituents
Gross-alpha particle activity 150 20 1.8 1.8 0.6 21 0 1.8 0554
Adjusted gross-alpha particle activity 150 90 0.7 0.7 0.3 0.9 0.9 0 0.0-15
Radon-222 0] 0 0 0.9 0 0.9 0 0.9 0.1-39
Uranium 95 o) 0 32 0 2.0 0 18 0554
Inorganic constituents with SMCL benchmarks

Chloride 146 90 0 0.9 0 12 0 12 0.24.4
Iron 155 90 3.8 7.5 2.8 5.6 12 4.0 1.6-85
Manganese 154 90 3.2 10.3 25 12.1 1.2 10.4 6.0-16.6
Total dissolved solids (TDS) 159 90 6.9 13 9.3 19 101 12 0.24.4

1Based on the most recent analyses for each California Department of Public Health well during September 16, 2007, through September 16, 2010, combined
with datafrom U.S. Geological Survey (USGS)-grid wells.

2Grid-based aquifer-scale proportions are based on samples collected by the USGS from 90 grid wells during July 12 through October 14, 2010.

*Based on the Jeffrey’s interval for the binomial distribution (Brown and others, 2001).
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Table 9A. Summary of spatially weighted aquifer-scale proportions for inorganic constituent classes with health-based benchmarks,
Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program
(GAMA) Priority Basin Project.

[Relative-concentration (RC) is defined as the concentration measured in the sample divided by the concentration of the selected benchmark. Study area
abbreviations: ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study area; LU, Cascade Range and Modoc Plateau Low-Use Basins

study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta Volcanic Area study area; TV, Tertiary Volcanic Areas study area.
Study unit: aquifer-scale proportions are area weighted by the percent of the study unit covered by each study area: ES=10.4 percent, HL=13.4 percent,
LU=18.4 percent, QV=25.7 percent, SH=13.3 percent, TV=18.7 percent. Relative-concentration categories: high, RC greater than 1.0 for at least one
constituent in the class; moderate, RC is less than or equal to 1.0 and greater than 0.5 for at least one constituent in the class and no constituents with RC greater
than 1; low, RC less than or equal to 0.5 for al constituentsin the class)

Constituent classes Number Aquifer-scale proportions
and of (percent)
study areas wells Low-RC or not detected Moderate-RC High-RC
Nutrients
ES 30 100 0 0
HL 35 92.2 11 6.7
LU 45 95.3 4.7 0
Qv 64 100 0 0
SH 42 88.9 111 0
TV 40 100 0 0
CAMP study unit 256 96.6 25 0.9
Trace elements'
ES 28 91.1 8.9 0
HL 34 55.3 28.3 16.4
LU 27 77.8 18.9 33
Qv 31 88.7 11.3 0
SH 29 74.4 16.7 8.9
TV 25 85.3 1.3 13.3
CAMP study unit 174 79.9 13.6 6.5
Radioactive constituents

ES 24 100 0 0
HL 23 78.3 0 21.7
LU 27 96.7 33 0
Qv 29 100 0 0
SH 27 100 0 0
TV 22 100 0

CAMP study unit 152 96.5 0.6 29

Any inorganic constituent with a health-based benchmark'?

ES 29 91.1 8.9 0
HL 36 35.8 26.1 38.1
LU 30 74.4 22.2 33
Qv 37 88.7 11.3 0
SH 32 68.9 22.2 8.9
TV 27 85.3 13 133
CAMP study unit 190 76.0 14.7 9.4

!Datafor lead are not included because of possible data quality problems for lead in the California Department of Public Health (CDPH) database for samples
collected between September 2007 and September 2010 (see appendix B).

2The 66 CDPH wells that had data for nitrate and no data for trace elements or radioactive constituents were not included. See text for discussion.



Status and Understanding of Groundwater Quality 53

Table 9B. Summary of spatially weighted aquifer-scale proportions for inorganic constituent classes with secondary maximum
contaminant level (SMCL) benchmarks, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Relative-concentration (RC) is defined as the concentration measured in the sample divided by the concentration of the selected benchmark. Study area
abbreviations: ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study area; LU, Cascade Range and Modoc Plateau Low-Use Basins
study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta Volcanic Area study area; TV, Tertiary Volcanic Areas study area.
Study unit: aquifer-scale proportions are area weighted by the percent of the study unit covered by each study area: ES=10.4 percent, HL=13.4 percent,
LU=18.4 percent, QV=25.7 percent, SH=13.3 percent, TV=18.7 percent. Relative-concentration categories: high, RC greater than 1.0 for at least one
constituent in the class; moderate, RC less than or equal to 1.0 and greater than 0.5 for at least one constituent in the class and no constituents with RC greater
than 1; low, RC less than or equal to 0.5 for al constituentsin the class)

Constituent classes Number Aquifer-scale proportions
and of (percent)
study areas wells Low-RC or not detected Moderate-RC High-RC
SMCL salinity indicators'
ES 24 100.0 0 0
HL 32 65.6 34.4 0
LU 30 90.0 6.7 33
QV 29 93.3 6.7 0
SH 26 86.7 13.3 0
TV 23 93.3 0 6.7
CAMP study unit 164 88.8 9.3 19
SMCL metals?
ES 27 87.9 1.0 111
HL 31 711 0 28.9
LU 24 711 6.7 22.2
Qv 30 86.7 0 133
SH 29 89.4 1.7 8.9
TV 24 94.4 0 5.6
CAMP study unit 165 83.7 1.6 14.8
Any inorganic SMCL constituent®
ES 23 87.6 13 111
HL 31 53.3 17.8 28.9
LU 24 711 6.7 22.2
Qv 29 86.7 0 133
SH 26 85.0 8.3 6.7
TV 21 91.1 0 8.9
CAMP study unit 154 80.0 49 151

!Salinity indicators with SMCL benchmarks: total dissolved solids, specific conductance, chloride, and sulfate.
2Metals with SMCL benchmarks: iron, manganese, and zinc.

SAquifer-scale proportions for any inorganic SMCL constituent were calculated using only wells with datafor at least one salinity indicator and at least one
SMCL metal.
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Table 10. Results of contingency table tests for differences in aquifer-scale proportions of selected inorganic constituents and
constituent classes between study areas, Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA) Priority Basin Project.

[If contingency table test indicated a significant difference in aquifer-scale proportions among the study areas (p<0.05), then pairs with the greatest differences
were identified from the components of the contingency table test statistic. Study area: ES, Sacramento Valley Eastside; HL, Honey Lake Valley; LU, Cascade
Range and Modoc Plateau Low-Use Basins; QV, Quaternary Volcanic Areas; SH, Shasta Valley and Mount Shasta VVolcanic Area; TV, Tertiary Volcanic Aress.
Other abbreviations: <, less than; ns, no significant differences; RC, relative concentration; >, greater than]

Proportion high-RC or moderate-RC Proportion high-RC compared to

Constituents compared to proportion low-RC proportion moderate-RC or low-RC

Individual inorganic constituents

Arsenic <0.001 0.025
HL>ES, LU, QV, SH,and TV HL>ES and QV
Boron 0.001 0.022
HL>ES, LU, QV, and SH TV>ESand QV
Molybdenum 0.533 0.533
ns ns
Vanadium 0.275 0.508
ns ns
Uranium 0.038 0.038
HL>TV HL>TV
Total dissolved solids 0.003 0.296
HL>ES, LU, QV,and TV ns
Manganese <0.001 0.025
HL>ES, LU, QV, SH, and TV HL>ESand TV
Iron 0.005 0.187
LU>HL, QV, and SH ns
Classes of inorganic constituents with health-based benchmarks
Nutrients (nitrate) 0.020 0.011
SH>QV and TV HL>QV
HL>QV
Trace elements 0.007 0.049
HL>ES, QV, and TV HL>ES and QV
Radioactive constituents <0.001 <0.001
HL>ES, QV, SH, and TV HL>ES, LU, QV, SH,and TV
Any inorganic constituent <0.001 <0.001
HL>ES, LU, QV, SH, and TV HL>ES, LU, QV, SH,and TV

TV>QV




55

Status and Understanding of Groundwater Quality

JIXO<IIXoU Y su
/250 0100 8€L0 9660 8290 uoJ|
JIXO<OIXOUY su
11,0 7000 T.00 /800 LvT0 asouebue |\
SAS
Bunds<mofeus pue de|AQ IIXO<IXoUY uepo N<Uspow-a.d ASAPUE'S ‘N ALpue AD ‘S3<TH (sadw)spiios
6000 T00°0> /000 T00°0> T000> PAA|CSSIP [10L
syJewyausq JYNS YHM Suaniiisuod diuehiou)
SA<O
A<S pue ‘i ‘'O ALpue ‘AQ ‘N7 'S3A<TH
€LE0 8570 €TT0 T000 T000> wniuein
JIXOU<IIXO IN<SAPUe ‘A ‘S A1l<S3
[AA740) 9000 900 8100 Ge00 winigeuen
SAS Sa<Nn
JIXQ<IIXoUY UJBPO N<PaXIW pUe uopow-2.d NS pue 9 ALpUe ‘HS ‘AD ‘N1 'S3<TH
6020 8200 T00°0> T00°0> T00°0> wnuspgA o
A< NO pue S3<HS
UBPO A<paX W pue uispow-a.d SAPUe A<S ALpue ‘AD ‘'S3<TH
6800 1200 T000> T000 T00°0> uoiog
UJBPO A<paXIW pue uispoul-aid A PUe N<S ALpue ‘AD 'S3<TH
1670 ¢tL0 T00°0> T00°0 2000 Jlussly
(9gH) SHiewyauaqg paseq-yyjeay yum sjuanyisuod sjuebiou)
(daap ‘depiano ‘mojjeys ‘Bunds) (a1xoue ‘a1x0) (usapow ‘paxiw ‘uiapow-aid) (SA'A’S "W “D) (ALAD ‘N7 °HS “TH ‘'S3) iSuoheral
sseja yydag sse|ja xopay sse|a aby sse|2 AGojouy vale Apnyg weayubls
lapnby anjea-d

[ueyy Jomealb ‘< ey ssa| ‘> 1| Jod sweibotoiw “/6rl ‘sHun winny ‘N1 Bueyleworyul ‘INHL

{JOAJ] JURUIWIERIUOD WNWIXBW AIBPUO0IIS “THINS U0qIed uropow 1uadrad owd (s90uaIdpyip ueoyrugdis ou ‘su 1)1 Jod swrerdijjiw “J/3w 90BLINS UL MO[d] 139 ) UdSAX0 PIA[OSSIP ‘O SUOITRIN Iqae BYl10
"(v X1puadde) sisATeue 10J sse[d orxoue 3} 0) ul padnoi3 a1om paxIuwr se paygisse[d sajdureg /31 00> pue /31 oS>UN pue /3w (' [<Od O1X0 <T/31 00 [<2] Io/pue /31 OS<U pue /3w (' [<O( ‘PIXIW
£7/6w 0 T>0Q ‘D1Xoue Ssed Xxopay “(uorreue|dxe Joj v xipuadde 83s) N1 G O>WNRLL ‘UBpoW-8ld owd 06<D,; PUB ML S 0<WNIL] ‘UBPO A ‘owd 06>, PUe N1 G o<wniul ‘paxIN ssejo aby "Buidwnd
oYM 8JeIns pue| Te sebewie Jetempunolh ‘Bulids ‘1) 00z> suoikeloiad Jo wonog pue dol ‘Mo|eyS ‘1 00Z< Suoieioed Jo wonog pue 1) 00Z> suoirload jo doy ‘BuiddelonO ‘14 00Z< suolrloyiad jo
wonog pue doy ‘dea ssejo yideq “(uoireue|dxe 1o} v xipuadde 83s) 21LURI[0A pUR ARIUBLLIPSS ‘S A DIURD|OA ‘A ‘AlRIUBLIIPSS ‘S ‘DiUedjoA pue diydiowreaw Jo Arjuawuipas pue diydiowesuwl Jo diydioweew
‘IN ‘Areyusw Ipas pue dniuelb ‘o) ssefo AB0J099) 'Sealy d1Ued|oA Aklle] ‘AL B2l J1UBD[OA BISEUS JUNOIN pue AS|eA BIseyS ‘HS ‘Sealy d1uedjoA Areuseend ‘AQ ‘sulseq asn-M0T NMesie|d J0po A pue abuey
apedse) ‘N1 e|eAaxe ABUuoH ‘TH epsiseT Ao e OlBWRIJeS ‘ST eate APNIS "9[qe) Ul PA)SI] AIB SIOUIIIIP JUBOYUSIS (IM SANOID) “BIBP 9Y) JO SYUBI ) UO J$J) S AN, SUISN PIUIULIDIIP dIOM JUIILJIP
Apueoyrugis a1om ey sdnoi3 oy ‘sdnoi3 oy Suowre (G0 JO O ‘OnfeA P{oOYSAIY) B Uey} SSO] onjeA-d) SOIUSIOHIP JUBOYIUSIS PJEIIPUI 1S9 SI[[BA\-[EXSNIS] JT "O[qe) Ul Pa)sI| o1 sonjea-d 159} sijea-[esysnry]

108(014 uiseg Aiold (VINYD) weiboid Juawssassy pue BuLiojuojy usIquiy J81eMmpunolg eiuloyles ‘0L0g

‘Iun Apnis neaje|d 20po|\ pue abuey apeaseq ‘sse|d yidap pue ‘sse|d (xopal) uonanpal-uonepixo ‘ssejo abe ‘ssejo ABojoyy| Jajinbe ‘ease Apnis Aq sdnoib ojul paiisse|d sjjam
pub-(S9sSn) Asning |ea160j0ag *S N usamiag Syuanlisuod Ayjenb-1alem paloa|as Jo SUOIBIIUBIUOD Ul SBIUBIBYIP 10} S1S8) SI||BAA-|BY SNy 8bels-njnw jo synsay "yiL d|qeL



Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

56

*pa1sI] jou sired 2y} JO [[e 10J JUIIJIP APUBOYIUSIS JOU 1M SUONBIIUIIUOD JIUSSIY “IOYJOUR JUO WIOTJ JUSIIFIP
A[uBOYIUSIS 10U 919M A [, PUB ‘A ‘SH UI SUONBIIUIIUOD OIUASIY AL PUB ‘A ‘SH<TH, 01 PISUSPUOI ST UOTILIOU 3} ‘A I, PUB ‘AQ) ‘SH ULY) SUONBIUIIUOD JIUSSIE 191813 SBY TH 9snedodq ‘A L<TH Pue ‘AO<TH
‘SH<TH :$90UIdJIP JurdyIuSIS pey sired 93141 SUIMO[[0F d) 1By} PIMOYS S}NSI IS} S, AN, Y], “9[dWexd ue Se Jiun Apnjs Aq OIUISIE 0] SINSI Y} SUISN SOOUIIIP JuroyIudIs Jo untodal 10y uoneue(dxy,

NO<TH
2IXOUY<IIXO su AL pue NO<S3
¢eco 1200 96¢°0 GGT0 200 aklojydied
su NO pue N1<S3 (wiojoloy)
9800 LST0 9er'0 2820 ¢100 SINHL
JIXOUY<IIXO Ulepow-8id<pexiw pue uspoin su ALpUe ‘AD ‘N1 TH 'SA<HS
600 /000 Y100 1800 8200 SepIgeH
S]UaN}ISU09 }salalul [e1oads pue aluebiQ
(daap ‘deprano ‘mojjeys ‘Buiids) (a1xoue ‘a1xo) (urapow ‘paxiw ‘wiapow-aid) (SA'A'S ‘WD) (AL AD ‘M1 ‘HS “TH 'S3) isuonejal
ssejo yyda SSe|9 X0pa ssejo ab ssefo Abojoyy eale Apn wealjiubis
|2 Ydaqg | pay | Y saynby pms anjen-d

[ueyy Jomealb ‘< ey ssa| ‘> eyl Jod sweibotoiw “/6rl ‘sHun winny ‘N1 Bueyleworyul ‘INHL

{JOAJ] JURUIWIERIUOD WNWIXBW AIBPUO0IIS “THINS U0qIed urdpow 1uadrad owd (s90uardpyip ueoyrudis ou ‘su 1)1 Jod swrerdijjiwu “J/3w 90BLINS PUB] MO[d] 193] ) ‘UdSAX0 PIA[OSSIP ‘O SUOITRIN Iqae BYI0
"(v X1puadde) sisATeue 10J sse[d orxoue 3} 0) ul padnoi3 a1om paxIur se paygisse[d sajdureg /31 00> pue /31 oS>UN pue /3w (' [<Od A1X0 /31 00 [<2] Io/pue /31 OS<U pue J/3w (' [<O( ‘PIXIW
/6w 0 T>0Q ‘D1Xoue ssed Xxopay “(uorreue|dxe Joj v xipuadde 83s) N1 G O>WNRLL ‘UBpoW-8ld owd 06<D,; PUB ML S 0<WNIL] ‘UBPO A ‘owd 06>, PUe N1 G o<wniul ‘paxiN ssejo aby "Buidwnd
oYM 8JeIns pue| Te sebjewie Jetempunolh ‘Bulids ‘1) 00z> suoikeloiad Jo wonog pue dol ‘Mo|eyS ‘1 00Z< Suoieioed Jo wonog pue 1) 00Z> suoirload jo doy ‘BuiddeonQ ‘14 00Z< suolrloLiad jo
wonog pue doy ‘dea sseo yideq “(Uoireue|dxe 1o} v xipuadde 83s) 21LURI[0A pUR ARIUBLLIPSS ‘S A DIURDIOA ‘A ‘ARRIUBLIIPSS ‘S ‘DiUedjoA pue diydiowreaw Jo Akjuawipas pue diydiowesw Jo diydioweew
‘IN ‘Areyusw Ipas pue diuelb ‘o) ssefo AB0J099) 'Sealy d1Ued|oA AklleL ‘AL B2l J1UBD|OA BISEUS JUNOIA pue AS|eA BIseyS ‘HS ‘Sealy d1uedjoA Areuserend ‘AQ ‘suiseg asn-m0T NMeaield J0po A pue abuey
apedse) ‘N1 e|eAaxe] ABUoH ‘TH epsiseT Ao e OlBWRIJeS ‘ST jeate APNIS "9[qe) Ul PA)SI] I8 SIOUIIIIP JUBdYUSIS (IIM SANOID) “BIBP 9Y) JO SYUBI ) UO IS} S AN, SUISN PIUIULIDIIP dIOM JUIILJIP
Apueoyrudis a1om ey sdnoi3 oy ‘sdnoi3 oy Suowre (G0 JO 0 ‘OnJea P{oOYSAIY) B Uey) SSO] anjea-d) SOIUSIOHIP JUBOYIUSIS PIJEIIPUI 1S SI[[BA\-[EXSNIS] JT "9[qe) Ul pa)sI| o1 sonjea-d 159} sijeA-[esysnry]

panunuoj)—a39afoid uiseg Auoud (YINYD) welbold Juawssassy pue Bulioyuo) Juaiquyy Jalempunolg eiuioe) ‘L0z
‘Iun Apnis neaje|d 20po|\ pue abuey apeaseq ‘sse|o yidap pue ‘sse|d (xopal) uonanpal-uonepixo ‘ssejo abe ‘ssejo ABojoyy| Jajinbe ‘ease Apnis Aq sdnoib ojul paiisse|d sjjam
pub-(S9sSn) Asning |ea160j0ag *S N usamiag SyuanlIsuod Ayjenb-1alem paloa|as Jo SUOIBIIUBIUOD Ul SBIUBIBYIP 10} S1S8) SI||BAA-|BY SNy 8bels-nnw jo synsay "yiL ajqeL



57

Status and Understanding of Groundwater Quality

'S|PM 853U} J0} [eARIUT UBMO Jo PausaIds ay) Jo
wonog ay) Jo yidep ay} Joj erep Jussaides 0} pash lemerep Lidep e “(¢F 27q7) Uidep |em Jojelep aAey pIp Ing ‘feAelul Uado Jo peussias aUj) JO Wonog auj) 01 Yidep Jojerep aAey 10U PIP S|PM Uens |,

AN 90— T00— LTO~ 800~ G20~ 900~ 200 Y10 Y10~ 120 okl
9/2'0 TOO'0> 966°0 T0C'0 9617°0 T200 97190 1980 66T0 120 ¥10'0 -0jydled
(wuoy
S0'0— 120~ ¥1°0 6T0— 620~ 10 8T0 2c0 620 9T’ 0~ oT'o— -010|yd)
¥19'0 6000 8¢¢0 CeT0 S00°0 06T0 6600 LE0°0 9000 AN 85€0 SIWHL
120 T2 0— 2co- 120~ 70— 10 0T0 0c0 €00 700~ 200—
TS00 /700 9900 0600 7620 S0C°0 19€°0 8500 08L°0 889°0 TS8°0 SepIgqieH
S]UBNISU09 Isalalul [e19ads pue aluebiq
020~ 00— 100~ T00 910 00— 00— 810~ S00 €00~ €00—
9900 T€80 6€6°0 6€6°0 eT0 9150 8eL0 6600 €290 96.°0 S08°0 uol|
VAd o 120 €To 910 ¥1'0 €0 600~ A 120 L20~ 920 asau
T00'0> 0T0'0 v.20 €610 /8T°0 2000 G8e0 8200 900 0T0'0 Z¢T00 ebue
(say)
Spljos
€L0~ o T00 141 2c0- 89°0— 80'0— 800~ 0T'0 LE0— 650 PoAjos
T00'0> T00'0> 6€60 6920 8200 T00'0> 51440 8¢r'0 9¢e0 T00'0> T00'0> SIp eloL
SyJewyauaq JJINS YiMm squaniiisuod aluehiou|
T20- 80 6T0— €T 0 ST0 €5°0— aT'0— 800 200 20— (040]
6700 T00'0> 6600 9620 83T0 T00'0> 69T0 0s¥'0 0TS0 0200 T00'0> wniuveln
200 800 €To 1o €0 000~ 600 70 LT0- AN 900
0,80 1250 G520 9ve0 2€00 0860 83€0 €Te0 AN 9/¢0 6750 wnipeue/
090~ 99°'0 800 T00 810 8.0~ A 820~ 0T'0 820~ 677'0 wnu
T00'0> T00'0> 86770 8560 0600 T00'0> 6T00 8000 EVeE0 8000 T00'0> SpakoN
290~ S50 600 00— 00— 99°'0— oT'o— 810~ 800 90— 850
T00'0> TO0'0> T9V°0 8650 G870 T00'0> ¥2e0 9800 8ev'0 T00'0> T00'0> uolog
o— 670 100 000 000~ SS0— 6T 0~ 9T0— 700~ 0T’0— Ge0
T00'0> T00'0> 1150 260 ¢L60 T00'0> 1100 6ET0 ov.L0 8EE0 T000> JlusslyY
SyJewyauaq paseq-yieay Yyim sjusiala adeld) pue SjuaLiInp
Jenaiuado  jeasdjul uado asn asn pue|
tonentasuos d 10 Pauaalds J0 10 pauaaids jo  uoneaa|y xopu! sisn syue; andas  asn puej ueqin puej [einjeu |eanynaubie (9)
oa H : Anpuy jo Ausuaq jo Ausuaqg  jo afiejuaasag y anjea-d

wonoq o} ipdag  doy 0y Ypdag jo afiejuasiad  Jo abejuaaiad

[teyy ssa| ‘> ‘syue) afiesois-punolblepun Buises| Ajjewioy Jo Bupes| ‘s1SN ‘sueypwoeyul ‘INHL
{PAB| JURUILLIRIUOD WNW IXew Arepuodss ‘TDINS ‘WelBold WBWSSasS Yy pue BuliolIuo [\ U IqUI Y JBTeMpunols) ‘Y INYO USBAX0 PaAIOSSIP ‘O SUOITRINS IQQY "UONR[ALIOd dANRSIU JUBdYIUSIS 1%9] PaJ Ploq
UO11e[a1100 9ANIS0d JUBOYIUSIS )Xd) JOB[q P[Oq :JUBOYIUSIS PAIIPISUOD I8 G()'() JO () onjeA PloysaIy) uey) ss9f (359 s, ueuLIedds oy} Jo [9A9] 99ueoyIudIs) sonjea d -onsne)s uoneaLI0o s uewredads ‘(oyr) d]

198l014 uiseg Aoud (VINY9)
weiBold Juawssassy pue BULIOHUO} JUBIQUIY JIBMPUNODIG BILIOYIR) ‘0L0Z ‘HUN Apnis neale|d 90pojy pue abuey apeaseq ‘s|jam pub-(S9sn) Asaing |eaibojoag *g'n ay3 o}
S1UBNMISU0D Aljenb-1a1em Pal0a|as Jo SUONLIIUSIUDD pue sio}oe) Alojeue|dxa [enusiod paloa|as J0 SaN|eA UBM]( SUOIR|S1I00 10} S1S8) 0yl s,uewieadg jo synsay gLl a|qeL



58 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

Table 12. Results of Spearman’s tests for correlations between concentrations of selected inorganic constituents in the
U.S. Geological Survey (USGS)-grid wells, Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA) Priority Basin Project.

[p (tho), Spearman’s correlation statistic. p values (significance level of the Spearman’s test) less than threshold value () of 0.05 are considered significant: bold
black text, significant positive correlation; bold red text, significant negative correlation; non-bold, not significant. Abbreviations: TDS, total dissolved solids;

<, lessthan]

p-value

() Boron Molybdenum Vanadium Uranium Manganese Iron TDS

Arsenic <0.001 <0.001 <0.001 <0.001 0.039 0.456 <0.001
0.72 0.77 0.53 0.55 0.22 -0.08 0.50

Boron <0.001 0.217 <0.001 <0.001 0.804 <0.001
0.82 0.13 0.40 0.44 0.06 0.73

Molybdenum 0.265 <0.001 <0.001 0.572 <0.001
0.12 0.42 0.44 0.06 0.62

Vanadium 0.001 0.002 <0.001 0.344
0.34 -0.32 -0.40 0.10

Uranium 0.433 0.151 <0.001
-0.08 -0.15 0.39

Manganese 0.003
0.31

Iron

Inorganic constituents with health-based benchmarks,
as agroup, were present at high RCsin 9.4 percent of the
primary aquifer system and at moderate RCsin 14.7 percent
(table 94). The proportion of the primary aquifer system
having high RCs of inorganic constituents with health-
based benchmarks was significantly greater for the HL study
areas compared to all of the other study areas (table 10).
Inorganic constituents with SMCL benchmarks (metals and
salinity indicators), as agroup, were present at high RCsin
15.1 percent of the primary aquifer system and at moderate
RCsin 4.9 percent (table 9B).

Trace Elements

The trace elements constituent class includes a variety
of metallic and non-metallic constituents that typically are
present in groundwater at concentrations less than 1 mg/L
(Hem, 1985). Trace elements with health-based benchmarks,
as aclass, had a high-RC aquifer-scale proportion of
6.5 percent and a moderate-RC aguifer-scale proportion
of 13.6 percent in the CAMP study unit (table 94). The
proportion of the primary aquifer system having high or
moderate RCs of at least one trace element was significantly
greater in the HL study areathan in the ES, QV, and TV study
areas (table 10).

Arsenic was detected at high RCs in approximately
3 percent of the CAMP study unit primary aquifer; boron,
molybdenum, and vanadium each were detected at high RCs
in approximately 2 percent of the system (zable 8). These

four trace elements are discussed in more detail in following
sections. Three other trace elements (fluoride, lead, and
strontium) were detected at high RCsin less than 2 percent of
the primary aquifer system or were only detected at moderate
RCs (table 8).

Arsenic

Arsenic is asemi-metallic trace element. Natural sources
of arsenic in groundwater include dissolution of arsenic-
bearing minerals, desorption of arsenic from mineral surfaces,
and mixing with hydrothermal fluids. Pyrite, an iron sulfide
mineral that can contain up to several percent (by weight)
of arsenic, and arsenopyrite (FeAsS) are common accessory
mineralsin aquifer materials (Welch and others, 2000;
Smedley and Kinniburgh, 2002). Anthropogenic sources of
arsenic can include copper ore smelting, coal combustion,
arsenical pesticides, arsenical veterinary pharmaceuticals,
and wood preservatives (Welch and Stollenwerk, 2003).

In addition, mining for copper, gold, and other metals can
increase the rate of dissolution of natural arsenic-bearing
minerals (Smedley and Kinniburgh, 2002). The CAMP study
unit has had relatively little mining activity compared to other
areas of the State (U.S. Geological Survey, 2005) and little
registered use of arsenical pesticides (California Department
of Pesticide Regulation, 2013), thus, anthropogenic sources of
arsenic are unlikely to be significant.

The MCL-US for arsenic was lowered from 50 ug/L
to 10 pg/L in 2002, and chronic exposure to arsenic
concentrations between 10 and 50 pg/L in drinking water has



been linked to increased cancer risk and to non-cancerous
effects including skin damage and circulatory problems
(U.S. Environmental Protection Agency, 2010). An estimated
8 percent of groundwater resources used for drinking water
in the United States have high RCs of arsenic (greater than
10 pg/L) (Focazio and others, 1999; Welch and others, 2000),
and high concentrations of arsenic in groundwater resources
used for drinking water are a worldwide concern (Smedley
and Kinniburgh, 2002; Welch and others, 2006).

Arsenic was present at high RCsin 2.7 percent of
the primary aquifer system in the CAMP study unit and at
moderate RCsin 7.4 percent (table 8). High or moderate
RCs of arsenic were only present in the HL, SH, LU and QV
study areas (figs. 114, 124, tables C1A-F). The proportion
of the primary aquifer system having high or moderate RCs
of arsenic and the median concentration of arsenic were
significantly greater in the HL study area than in the ES, QV,
and TV study areas (tables 10, 114). Of the 10 USGS-grid
wellswith high or moderate RCs of arsenic, 6 were in the HL
study area (figs. 114, 124).

Arsenic concentrations showed significant correlations
with groundwater age, aquifer lithology, geochemical
conditions, and other water-quality constituents (tables 11A,
12). Arsenic concentrations were greater in the HL study area
thaninthe ES, QV, and TV study areas, and were greater
in wellsin sedimentary deposits than in wellsin volcanic
rocks (table 11A4). The positive correlation between arsenic
and percentage of agricultural land use and the negative
correlation between arsenic and the aridity index (table 11B)
likely reflect that the HL study area has a greater percentage
of agricultural land use and lower aridity index than many
of the other study areas (table 7A). Mixed and pre-modern
age groundwater had higher arsenic concentrations than did
modern groundwater (table 11A4). Arsenic concentrations
showed significant positive correlation with pH and negative
correlation with DO (table 11B). Unlike many of the GAMA
Priority Basin Project study units, in the CAMP study unit,
arsenic showed no significant relations with measures of well
depth (tables 114, 11B). Thiswas expected, given the lack
of significant correlations between values of DO and pH and
measures of well depth (tables 74—-C). Arsenic concentrations
showed significant positive correlations with TDS, manganese,
boron, molybdenum, vanadium, and uranium (table 12), which
likely reflects a combination of the effects of geochemical
conditions on concentrations of these constituents and the
geology of the HL study area. For al of these constituents,
except for molybdenum and vanadium, the HL study area had
the greatest proportion of the primary aquifer system with high
or moderate concentrations (tables 10, C14-F).

All or nearly all of the wellsin the HL study area having
high or moderate RCs of arsenic, boron, molybdenum,
vanadium, and TDS were in the area northwest of Honey Lake
(fig. 13). A potential source of arsenic and other constituents to
groundwater in this area is hydrothermal fluids. Groundwater
isused for production of geothermal energy in several areas
along the north side of the basin (California Department
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of Conservation, Division of Oil, Gas, and Geothermal
Resources, 20009; fig. 13). The Wendel and Amedee areas near
the northeast edge of Honey L ake have geothermal power
plants; whereas, in the Litchfield and Susanville areas in

the northwest part of the basin, thermal waters are pumped
directly into distribution systems used for conductive heating.
Arsenic concentrations of approximately 200 pg/L and boron
concentrations of greater than 5,000 pg/L have been measured
in water from hot springs in the Wendel and Amedee areas
(Wormald, 1968). Geochemical modeling of the major-ion
chemistry for groundwater samples from the Honey Lake
basin indicated that groundwater on the northwest side of
Honey Lake could consist of up to 40 percent geothermal
water mixed with water recharged from precipitation (Mayo
and others, 2010).

Another source of high arsenic concentrationsin
groundwater in the HL study area could be interaction
with sedimentsin the Honey Lake playa. The geochemical
modelling by Mayo and others (2010) indicated that
groundwater on the northwest side of Honey Lake generally
evolves from a mixed-cation, bicarbonate-dominated
water with low TDS to a sodium-dominated, bicarbonate
or bicarbonate-sulfate water with higher TDS. USGS-grid
well samples from wells on the west side of the study area
generally were mixed-cation-bicarbonate waters or calcium-
sodium-bicarbonate waters, and had low RCs of arsenic and
relatively low TDS concentrations (hexagons; figs. 13, 14).
Samples from wells further downgradient along the Susan
River towards the northwest side of Honey Lake generally
were sodium-bicarbonate or sodium-bicarbonate/-sulfate
waters with higher TDS and high or moderate RCs of arsenic
(triangles; figs. 13, 14).

This evolution in major-ion composition was associated
with changes in geochemical conditions that favor increased
solubility of arsenic. The evolution in major-ion composition
can be represented by the increasing proportion of sodium
in the cations (fig. 14), and the proportion of sodium in the
cations was positively correlated with pH (spearman’s test,
p<0.001, p=0.95) and was negatively correlated with DO
concentrations (spearman’s test, p=0.013, p=0.63). All of the
HL study area samples with high or moderate RCs of arsenic
had pH values between 7.7 and 8.8, and six of the seven
samples also had DO less than or equal to 1.1 mg/L (Shelton
and others, 2013). High pH conditions promote desorption
of arsenic from aquifer sediments, and anoxic conditions
promote release of arsenic from reductive dissolution of
iron and manganese oxyhydroxide minerals (Smedley and
Kinniburgh, 2002; Stollenwerk, 2003; Welch and others,
2006). On the basis of comparison with studies in the nearby
Carson Desert basin in Nevada, sediments in the Honey Lake
basin, particularly in the playa area near the lake, appear likely
to contain arsenic available for desorption. Like Honey Lake
basin, the Carson Desert basin is filled with sediments from
volcanic rocks associated with Basin and Range extension and
from granitic rocks of the Sierra Nevada as well aslacustrine
deposits.
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Figure 13. Locations of U.S. Geological Survey (USGS)-grid wells, total dissolved solids concentrations, selected trace element
concentrations, and selected geologic and hydrologic features of the Honey Lake Valley study area, Cascade Range and Modoc Plateau
(CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment (GAMA) Program Priority Basin Project.
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Welch and others (1997) and Welch and Lico (1998)
inferred that high arsenic (and uranium and molybdenum)
concentrations in Carson Desert groundwater were caused
by interaction between high-pH, low-DO groundwater and
lacustrine and riverine sediments. Arsenic associated with
iron and manganese oxyhydroxide minerals and sedimentary
organic matter in these sediments can become soluble under
those groundwater geochemical conditions.

Ouitside of the HL study area, the only other areas with
high RCs of arsenic were in the SH study area (USGS-grid
well SH-02) and near Goose Lake in the LU study area
(CDPH well). Severa wellsinthe LU, QV, and SH study
areas had moderate RCs of arsenic (figs. 114, 124).

The five CAMP study unit study areas in which the
primary aquifer system consists primarily of volcanic rocks,
the ES, LU, QV, SH, and TV study areas, had high-RC
aquifer-scale proportions of arsenic ranging from O percent to
6.7 percent (tables C1A4, C—F). This proportion of high RCs
of arsenic is similar to that observed in the volcanic aquifer
systems of the Columbia River Plateau, the Snake River Plain,
and the island of Oahu (Frans and others, 2012), but lower
than the proportion observed in volcanic aquifer systemsin the
Martis Valley groundwater basin near Lake Tahoe, California,
(Fram and Belitz, 2012) and the basalt aquifers of the Carson
Valley in western Nevada (Lico and Seiler, 1994). Differences
in the pH of groundwater among these aquifer systemsin part
may account for the differencesin the proportion of high RCs
of arsenic in groundwater. Approximately half of the samples
from the Martis Valley groundwater basin had pH values
greater than or equal to 8, and pH valuesin samples from the
Carson Valley basalt aquifers were greater than 9. In contrast,
less than 15 percent of samples from volcanic aquifersin
the CAMP study unit (fig. 9B; table A6), the Columbia
River Plateau, the Snake River Plain, and the island of Oahu
(Toccalino and others, 2010) had pH values greater than or
equal to 8. High pH conditions promote desorption of arsenic
from aquifer materials (Smedley and Kinniburgh, 2002;
Stollenwerk, 2003; Welch and others, 2006).

Boron

Boron isanaturally occurring semi-metallic element
with high solubility in water. Natural sources of boron to
groundwater include dissolution of evaporate minerals,
such as borax, ulexite, and colemanite, and boron-bearing
silicate minerals, such as tourmaline, that are primarily found
in igneous rocks (Hem, 1985; Klein and Hurlbut, 1993).
Seawater contains approximately 4,500 pg/L of boron, thus,
interactions with marine sediments, connate fluids, or seawater
also can be natural sources of boron to groundwater. Boron
is associated with thermal springs and vol canic activity
(Hem, 1985). Boron can occur in wastewater because borax
is acomponent of many detergents. Other anthropogenic
uses of boron compounds include borosilicate glass, boric
acid insecticide, chemical reagents, semi-conductors, and
fertilizers. Boron is an essential nutrient for plants, but is toxic

to plants at high concentrations. The comparison benchmark
used for boron in this study was the CDPH notification level
(NL-CA) of 1,000 pg/L (California Department of Public
Health, 2010). At concentrations greater than the HAL-US
of 6,000 pg/L, boron can adversely affect fetal development
(U.S. Environmental Protection Agency, 2008).

Boron was present at high RCsin 2.5 percent and at
moderate RCsin 7.5 percent of the primary aquifer system
(table 8). Boron was only present at high RCsinthe TV study
area and was present at moderate RCsin the HL, LU, and SH
study areas (figs. 114, 12B; tables C1A—F). The proportion of
the primary aquifer system having high or moderate RCs of
boron was significantly greater in the TV study area than in
the ES and QV study areas, and the proportion having high
or moderate RCs was significantly greater in the HL study
areathaninthe ES, LU, QV, and SH study areas (table 10).
Although the only samples with high RCs of boron were
fromthe TV study area, al of the other samples from the TV
study area had low RCs of boron; thus, the proportion of the
primary aquifer system having high or moderate RCs of boron
inthe TV study area (15.5 percent; table C1F) was less than
the proportion in the HL study area (36.7 percent; table C1B),
where over athird of the samples had moderate RCs of boron.

Boron showed nearly the same pattern of significant
correlations with potential explanatory factors as arsenic
did; however, some of the processes controlling boron
concentrations appeared to be different than those controlling
arsenic concentrations. Like arsenic concentrations, boron
concentrations were significantly greater in samples from the
HL study areathan in samples from the ES, QV, and TV study
areas, greater in pre-modern and mixed-age groundwater
compared to modern groundwater; and greater in sites with
sedimentary aquifer lithology compared to sites with volcanic
aquifer lithology (table 11A4). Boron and arsenic concentrations
were positively correlated, and as with arsenic concentrations,
boron concentrations showed positive correlations with the
percentage of agricultural land use, pH, TDS, manganese,
molybdenum, and uranium and showed negative correlations
with the aridity index and DO (tables 11B, 12). As discussed
in the section on arsenic, most of these correlations
between boron and potential explanatory factors reflect that
groundwater in the HL study area commonly has elevated
boron concentrations. The source of the boron could be mixing
with geothermal fluids (see ‘Arsenic’ section).

The only samples with high RCs of boron in the CAMP
study unit werein the TV study area, north of the SH study
area (TV-01 and TV-15; fig. 12B; Shelton and others, 2013).
These two samples did not have high or moderate RCs of
arsenic, indicating different mechanisms were responsible
for the high boron concentrations in these samples than the
mechanisms responsible for elevated boron concentrationsin
the HL study area. In addition to having a high RC of boron,
the sample from the USGS-grid well TV-01 had high RCsfor
TDS and molybdenum, and it was the only USGS-grid well
sample having a major-ion composition dominated by sodium
and chloride (fig. BI). Saline water with high boron, sodium,



and chloride concentrations emanates from several springsin
the Tertiary volcanic rocks north of the Shasta Valley (Mack,
1960), and mixing with these spring waters could account for
quality of groundwater from TV-01. Mack (1960) suggested
that these saline waters could be derived from connate
waters from Mesozoic and Pal eozoic marine sedimentary
rocks underlying the volcanic rocks. USGS-grid well TV-15
had screened intervals in both the volcanic rocks and the
underlying metamorphic rocks (table A1).

Molybdenum

Molybdenum is ametallic trace element used in high-
strength steel alloys and other industrial products. High
concentrations of molybdenum are found in organic-rich
sediments and sedimentary rocks deposited in sulfide-reducing
environments (Crusius and others, 1996). Most molybdenum
ore deposits are associated with porphyry granite or quartz
monzonite plutons, and the primary ore mineral is molybdenite
(MoS)) (for example, Misra, 2000). Potential anthropogenic
sources include the manufacture and use of molybdenum
steel alloys, dry lubricants, and other industrial products, and
surface application of biosolids (Evans and Barabash, 2010).
Molybdenum has a HAL-US of 40 pg/L in drinking water
and isincluded on the USEPA’'s Contaminant Candidate List
3 (U.S. Environmental Protection Agency, 2009b). High
levels of molybdenum in animals (including humans) can
interfere with uptake of copper. Molybdenum is an essential
trace nutrient for biological nitrogen fixation and can even be
alimiting factor for biological activity in molybdenum-poor
environments (Goldman, 1961; Evans and Barabash, 2010).

Molybdenum was present at high RCsin 2.1 percent
of the primary aquifer system of the CAMP study unit, and
was not present at moderate RCs (table §). High RCs of
molybdenum were only present in the HL and TV study areas
(figs. 114, 12C; tables C14—F). There were no significant
differencesin aquifer-scale proportions for molybdenum
among the study areas (table 10). Molybdenum concentrations
showed a similar pattern of correlations with explanatory
factors as did boron concentrations (fables 114, B), and, as
with boron, these correlations largely reflected the greater
molybdenum concentrations in samples from the HL study
area (table 114).

Vanadium

Vanadium isametallic trace element used in high-
strength steel alloys. Vanadium concentrations in igneous
rocks generally are greater in mafic rocks (basalts and
gabbros) than in ultramafic or felsic (granites and dacite/
rhyolite) rocks (Fischer and Ohl, 1970; Prytulak and
others, 2013) because titanium-rich magnetite, which is
most abundant in mafic rocks, has a higher mineral-liquid
partition coefficient for vanadium than does other oxide or
silicate minerals (for example, Righter and others, 2006).
Because of this, sediments derived from mafic igneous rocks
(or their metamorphosed equivalents) should have greater
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amounts of vanadium than sediments derived from other
rock types. Organic-rich sedimentary rocks formed in anoxic
environments and phosphorites can also have high vanadium
concentrations (Evans and Barabash, 2010). Anthropogenic
sources include combustion of fossil fuels and emissions
from smelting, foundry, and other iron metallurgy industrial
processes (Evans and Barabash, 2010). The USEPA included
vanadium as part of the first, second, and third Contaminant
Candidate Lists (U.S. Environmental Protection Agency,
1998, 2005a, 2009b), and vanadium has been selected as a
potential candidate for regulatory determination from the
third list (U.S. Environmental Protection Agency, 2011). The
CDPH defined a Notification Level (NL-CA) for vanadium
of 50 pg/L based on potential adverse effects on fetal and
neonatal development (California Office of Environmental
Health Hazard Assessment, 2000).

Vanadium was present at high RCsin 1.8 percent of
the primary aguifer system of the CAMP study unit, and
at moderate RCsin 11.3 percent (table 8). These high-RC
and moderate-RC proportions were approximately double
the percentages reported by Wright and Belitz (2010) for
the Cascade Mountains and Modoc Plateau hydrogeologic
province in their assessment of the distribution of vanadium
in groundwater in California. Wright and Belitz (2010)
used statewide data from the CDPH database and the
USGS National Water Information System (NWIS) database
(http://waterdata.usgs.gov/nwis), including data collected
by the GAMA Priority Basin Project through 2008, and
calculated raw occurrence frequencies of wells with high or
moderate RCs of vanadium in the State's 10 hydrogeol ogic
provinces. Their results for the Cascade Range and Modoc
Plateau hydrogeol ogic province were based largely on wells
inafew basinsin the LU study area. The water-quality data
collected for this study in 2010 expanded the availability of
data for vanadium concentrationsto al six study areas, and the
spatial weighting used to cal culate high-RC and moderate-RC
aquifer-scale proportions eliminated the influence of clustered
wells on the resulting proportions. High RCs of vanadium
occurred in the HL and SH study areas, and moderate RCs
occurred in all study areas, except for the TV study area
(figs. 114, 12D;, tables C1A—F). There were no significant
differences in aquifer-scale proportions for vanadium among
the study areas (table 10).

The relations between vanadium and potential
explanatory factors were quite different than the relations
between arsenic, boron, molybdenum, and uranium and
potential explanatory factors. Vanadium was the only trace
element or radioactive constituent for which samples from the
HL study area did not have significantly greater concentrations
than samples from other study areas (table 114). Samples
from the ES study area had significantly greater concentrations
of vanadium than did samples from the TV study area
(table 11A4). Vanadium was the only trace element or
radioactive constituent that had significantly greater
concentrations in oxic conditions (fable 11A4); the others all
had a negative correlation with DO (table 11B).
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As expected from the association between greater
concentrations of vanadium and oxic conditions, vanadium
concentrations showed significant negative correlations
with iron and manganese concentrations (table 12). The
negative correlation between site elevation and vanadium
concentrations (table 11B) reflects the significantly lower
elevationsin the ES study area compared to the HL, LU, QV,
and TV study areas (table 7A).

The relations between vanadium and geochemical
conditions were weaker than expected. Thermodynamic data
indicate that vanadium should be most solublein alkaline,
oxic conditions (Wanty and Goldhaber, 1992), and statistical
analysis of datafor 1,283 groundwater samples distributed
across California showed that vanadium concentrations were
indeed higher in oxic groundwater with pH greater than or
equal to 8 than in anoxic groundwater with any pH or oxic
groundwater with pH less than 8 (Wright and Belitz, 2010). In
the CAMP study unit, oxic groundwater with pH greater than
or equal to 8 had significantly greater vanadium concentrations
than anoxic groundwater (Wilcoxon rank-sum test,
p=0.008), but did not have significantly different vanadium
concentrations than oxic groundwater with pH less than 8
(Wilcoxon rank-sum test, p=0.071). Wright and Belitz (2010)
also showed that groundwater with high or moderate RCs of
vanadium was most frequently detected in areas associated
with sediments derived from mafic and intermediate rocks.
Nearly all of the groundwater samples from the CAMP study
unit were from aquifers largely composed of mafic volcanic
rocks or sediments derived from mafic volcanic rocks. The
lack of strong correlation between vanadium and geochemical
conditions in the CAMP study unit—where the source rocks
are expected to have vanadium—indicates the controls on
vanadium distribution are complex.

Nutrients

Nutrients, including nitrate, nitrite, and ammonia, both
have natural and anthropogenic sources to groundwater
(Dubrovsky and others, 2010). Natural sources include
atmospheric deposition, animal waste, and dissol ution of
organic material in soils. Anthropogenic sources include
fertilizer application, livestock and human waste, sewage
and septic effluents, and combustion of fossil fuels (emits
nitrogen oxides to the atmosphere). Nitrate and nitrite
have MCL-US benchmarks (10 and 1 mg/L, as nitrogen,
respectively), and high levels of either in drinking water can
cause “blue baby” syndrome (U.S. Environmental Protection
Agency, 2009a). Ammonia has a HAL-US benchmark
of 24.7 mg/L, as nitrogen (table 44). Nitrate is the most
oxidized form of nitrogen and, thus, is the most common
form in oxic groundwater systems, such as those in most
of the CAMP study unit. Although evapotranspiration from
shallow groundwater can increase concentrations of nutrients
in groundwater, concentrations of nitrate greater than about
1 mg/L (correspondsto an RC of 0.1) generally are the result

of anthropogenic inputs (Nolan and others, 2002; Dubrovsky
and others, 2010).

Nutrients, as a class, were present at high RCsin
0.9 percent of the primary aquifer system in the CAMP study
unit and at moderate RCsin 2.5 percent (table 94). Nitrate
was found at high RCsin the HL study area and at moderate
RCsinthe SH study area (fig. /1B; tables C14—F). Ammonia
was found at moderate RCsin the LU study area (fig. 11B;
tables C14-F).

Uranium and Radioactive Constituents

Most of the radioactivity in groundwater comes from
decay of naturally occurring uranium and thorium in the
rocks or sediments that compose the aquifers. Radioactive
decay of uranium and thorium isotopes produces long series
of radioactive daughter products, including isotopes of
radium, uranium, and radon. These elements have different
chemical properties, and their solubility in groundwater varies
with geochemical conditions, water chemistry, and aquifer
mineralogy (for example, Hem, 1985). This study included
datafor the individual constituents uranium and radon-222
and for gross apha and gross beta particle activities, which
are measures of the activities of all radioactive elementsin the
water sample that decay by alpha or beta particle emission,
respectively. Uranium was compared to the MCL-US of
30 pg/L rather than to the MCL-CA of 20 picocuries per liter
(pCi/L), and gross a pha particle activities were not adjusted
for uranium activity (see appendix D).

Radioactive constituents were present at high RCs
2.9 percent of the primary aquifer system, and at moderate
RCsin 0.6 percent (table 94). The proportion of the primary
aquifer system having high or moderate RCs of at least one
radioactive constituent was significantly greater in the HL
study areathan in the other study areas (table 10). Uranium
and gross alpha particle activity were present at high RCsin
the same 1.8 percent of the primary aquifer system, and radon-
222 was present at high RCsin 0.9 percent of the system
(table 8). All of the detections of high RCs of radioactive
constituents occurred in the HL study area (figs. /1B, 12E).

Sources of uranium to groundwater include dissolution
of uranium-bearing minerals, such as uraninite (UO,),
zircon, and titanite, and desorption of uranium from mineral
surfaces in the presence of bicarbonate (Hem, 1985; Jurgens
and others, 2010). Chronic exposure to uranium in drinking
water at concentrations greater than the MCL-US (30 pg/L)
or activities greater than the MCL-CA (20 pCi/L) can result
in toxic effects to the kidneys or increased cancer risks
(U.S. Environmental Protection Agency, 2000, 2009a).

The pattern of significant relations between uranium
and potential explanatory factors largely reflected that
samples from the HL study area had significantly greater
concentrations of uranium than did samples from the ES, LU,
QV, and TV study areas (table 114). Uranium concentrations
showed significant positive correlations with percentage of
agricultural land use, pH, and concentrations of arsenic, boron,



molybdenum, vanadium, and TDS and negative correlations
with the aridity index and DO concentrations (tables 11B, 12).

Despite the significant correlations between uranium
and potential explanatory factors, the primary feature that
the two USGS-grid wells having samples with high uranium
concentrations (HL-11 and HL-12) shared was that both were
in the HL study area. The groundwater from HL-12 was oxic
(DO=4.4 mg/L), had neutral pH (7.3), did not have high or
moderate RCs of other trace elements, and had a mixed cation
composition. HL-12 was near the southeastern margin of
the study areain the Long Valley Creek drainage (fig. 13).
The primary rock typein the Long Valley Creek drainage
is Mesozoic granite of the northern Sierra Nevada (fig. 2),
indicating that the aquifer sediment in the vicinity of HL-12
likely contains a high proportion of sediment derived from
granite. Granitic rocks elsewhere in the Sierra Nevada are
known to yield sediment containing uranium (Wollenberg and
Smith, 1968; Thomas and others, 1993; Jurgens and others,
2010).

HL-11 wasin the central part of the basin, northwest
of Honey Lake (fig. 13). The groundwater from HL-11
was anoxic (DO less than 0.2 mg/L), had higher pH (7.8)
compared to other samples, had high RCs of arsenic and
molybdenum and a moderate RC of boron, and had a cation
composition dominated by sodium (fig. 14). These chemical
characteristics were similar to those of groundwater in the
Carson Desert basin in Nevada, where high concentrations of
arsenic, uranium, boron, and TDS (and molybdenum) were
attributed to a combination of evaporative concentration and
oxidation-reduction reactions involving sedimentary organic
matter and iron-oxide coatings (Lico and Seiler, 1994; Welch
and Lico, 1998). The Honey Lake and Carson Desert basins
are both closed basins containing alluvial and lacustrine
sediments derived from granitic and mafic volcanic rocks.

Constituents with Secondary Maximum
Contaminant Level (SMCL) Benchmarks

The class of constituents with SMCL benchmarks
includes salinity indicators (TDS, specific conductance,
chloride, and sulfate) and several trace metals (iron,
manganese, and zinc) that are commonly present in
groundwater. These constituents affect the aesthetic properties
of water, such astaste, color, and odor, or may create technical
problems, such as scaling and staining of water delivery
systems and fixtures. The SMCL benchmarks are based on
these aesthetic and technical concerns and are not health-
based benchmarks. Constituents with SMCL benchmarks
were present at high RCsin 15.1 percent of the primary
aquifer system in the CAMP study unit and at moderate
RCsin 4.9 percent (table 9B). The constituents with SMCL
benchmarks most commonly present at high or moderate
RCs were the salinity indicator TDS and the trace metals
manganese and iron (table 8; fig. 11C).
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Total Dissolved Solids (TDS)

The salinity indicators with SMCL benchmarks found
at high or moderate RCsin the CAMP study unit were
chloride and TDS. All of the samples with high or moderate
RCs of chloride also had high or moderate RCs of TDS.
Natural sources of TDS to groundwater include weathering
and dissolution of mineralsin soils, sediments, and rocks,
mixing with saline or brackish waters from the ocean,
estuaries (not afactor in the CAMP study unit), or saline
lakes; interactions with marine or lacustrine sediments;
mixing with hydrothermal solutions; and concentration by
evapotranspiration of shallow groundwater (Hem, 1985).
Anthropogenic sources of TDS to groundwater include
recharge of water used for irrigation, wastewater discharge,
and evaporation (Hem, 1985). TDS was present at high RCs
in 1.2 percent of the CAMP study unit primary aquifer system
and at moderate RCsin 10.1 percent (table 8). The proportion
of the primary aquifer system having high or moderate RCs of
TDS was significantly greater in the HL study area than in the
ES, LU, QV, and TV study areas (tables 10, C1A-F).

TDS concentrations were significantly greater in the
HL study areathan inthe ES, QV, and TV study areas
(table 114), athough the only samples from wells having
high RCsfor TDS werefromthe TV (TV-01) and LU (a
CDPH well east of Goose Lake near the Oregon border) study
areas (fig. 12F). The other significant correlations between
TDS and the potential explanatory factors largely reflected
the greater prevalence of moderate-RC concentrationsin
the HL study area. TDS concentrations were greater in
groundwater from sedimentary aquifers than in groundwater
from volcanic aguifers, in pre-modern groundwater than in
modern groundwater, in anoxic groundwater than in oxic
groundwater, and in samples from wells than in samples from
springs (table 114). The TDS concentrations showed positive
correlations with the percentage of agricultural land use, pH,
and arsenic, boron, molybdenum, uranium, and manganese
concentrations, and negative correlations with the percentage
of natural land use, aridity index, elevation, and dissolved
oxygen concentration (tables 11B, 12).

Most of the wells with moderate RCs of TDS in the HL
study areawere clustered just north of Honey Lake (fig. 13).
Asdiscussed in the “Arsenic” section, thisregion has areas
that are mapped as |ow-temperature geothermal areas. The
wells near the center of the basin also could tap shallow
groundwater from the Honey Lake playa, which has elevated
TDS due to evaporative concentration. Honey L ake shallow
playa groundwater has a maximum TDS concentration of
around 1,100 mg/L, much lower than the maximum TDS of
over 25,000 mg/L in the Fish Lake playa on the Nevada side
of the Honey Lake basin (Mayo and others, 2010). Mayo and
others (2010) suggest that the groundwater divide between the
Honey Lake and Fish Springs parts of the basin resulted from
relatively recent deformation related to isostatic rebound after
draining of glacial Lake Lahontan, and that previously, the
only terminal sink in the basin was the Fish Springs playa.
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Asdiscussed in the “Boron” section, high RCsof TDSin
groundwater in the TV study area appeared to be associated
with saline thermal spring waters.

Manganese and Iron

The trace metals with SMCL benchmarks found at
high or moderate RCs in the CAMP study unit wereiron
and manganese. Natural sources of iron and manganese to
groundwater include weathering and dissolution of mineralsin
soils, sediments, and rocks. Iron and manganese oxyhydroxide
minerals commonly coat mineral and sediment grains. In
addition, iron-bearing silicate, sulfide, and (or) oxide minerals
arein most rocks and sediments, and manganese commonly
substitutes for iron in silicate minerals. The solubilities of
manganese and iron are strongly dependent on oxidation-
reduction conditions; the more reduced species are much more
soluble (Hem, 1985).

Manganese and iron were present at high RCsin
10.4 percent and 4.0 percent, respectively, of the primary
aquifer system in the CAMP study unit and at moderate RCs
in 1.2 percent each (table 8). The proportion of the primary
aquifer system with high RCs of manganese was significantly
greater in the HL study areathan in the ES or QV study areas
(tables 10, C14—F), and there were no significant differences
among the study areasin the proportion with high RCs of iron
(tables 10, C14—F). High RCs of manganese were present in
all study areas (fig. 12G, tables C14A-F). High RCs of iron
were present in al study areas except for the QV study area
(fig. 12H, tables C1A—F).

The spatially weighted proportions of high RCs of
manganese in the ES and TV study areas and of iron in the SH
and TV study areas were between 2.2 and 5.6 percent, and the
grid-based proportions of high RCs were 0 percent because
high RCs were only observed in CDPH wells. This difference
between the spatially weighted and grid-based results was
not unexpected. If a constituentsis present at high RCsin
less than about 5 percent of the primary aquifer system, then
thereislessthan a 50 probability that 1 well in a 15-well grid
network will have ahigh RC of the constituent (Belitz and
others, 2010).

Manganese and iron showed different patterns of
correlations with potential explanatory factors and water-
quality constituents. Manganese concentrations showed
significant positive correlations with percentages of
agricultural and urban land use, pH, and concentrations of
arsenic, boron, molybdenum, iron, and TDS, and showed
significant negative correlations with DO and vanadium
concentration (table 11B, 12). Most of these correlations
reflect that of the nine USGS-grid samples that had
manganese-reducing conditions, four were from the HL
study area (table AG). In contrast, iron concentrations only
showed correlations with vanadium (negative) and manganese
(positive) (table 12). Of the 90 USGS-grid well samples,

6 samples had iron-reducing conditions (table A6). Neither
iron nor manganese showed significant correlations with

study area, groundwater age, or measures of well depth
(tables 114, 11B).

Organic and Special-Interest Constituents

The organic constituents included two constituent
classes: volatile organic compounds (VOCs), and pesticides
(table 3). VOCs are present in paints, solvents, fuels, fuel
additives, refrigerants, fumigants, and disinfected water and
are characterized by their tendency to volatilize (for example,
Zogorski and others, 2006). Typically, VOCs persist longer
in groundwater than in surface water because groundwater
ismore isolated from the atmosphere. Pesticides include
herbicides, insecticides, and fungicides, and are used to
control unwanted vegetation (weeds), insects, fungi, and
other pestsin agricultural, urban, and suburban settings (for
example, Gilliom and others, 2006). The only special-interest
constituent analyzed for the CAMP study unit was perchlorate.
At the start of the GAMA Priority Basin Project in 2003,
perchlorate was considered a constituent of special interest to
the CDPH and SWRCB because it had recently been detected
in groundwater at concentrations that may be relevant to
human health concerns (Belitz and others, 2003). The CDPH
established an MCL-CA for perchlorate in 2007, and although
perchlorate is an inorganic constituent, the classification
of special-interest constituent is retained in this report for
consistency with other GAMA Priority Basin Project reports.

The GAMA Priority Basin Project included analyses of
alarge number of organic constituents, many of which are
not currently (as of 2014) subject to regulation in California
drinking water. USGS-GAMA analytical methods for organic
constituents had lower reporting limits than required for
sampling for compliance with CDPH regulations (table 5).

In the CAMP study unit, the majority of organic constituents
detected are subject to regulation in Californiadrinking

water. Of the 85 VOCs analyzed, 18 were detected at |east
once, and of these, 13 have U.S. Environmental Protection
Agency maximum contaminant level (MCL-US), California
Department of Public Health maximum contaminant level
(MCL-CA), or Cdlifornia Department of Public Health
notification level (NL-CA) benchmarks (table 5). Of the

63 pesticides and pesticide degradates analyzed, 9 were
detected at |east once, and of these, 5 have health-based
benchmarks (table 5). In all, of the 70 organic constituents
analyzed that had no health-based regulatory or non-regulatory
benchmarks, 8 were detected in groundwater (table 5; Shelton
and others, 2013).

Figure 15 summarizes the maximum RCs for individual
organic constituents and perchlorate detected in samples from
USGS-grid wells and the area-weighted detection frequencies
for these congtituents in the CAMP study unit as awhole. No
organic constituents were detected at high or moderate RCsin
the samples from USGS-grid wells, and none were reported
at high or moderate RCsin the CDPH database for samples
collected between September 18, 2007, and September 16,
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Figure 15.

Detection frequency and maximum relative-concentration (RC) of organic and special-interest constituents detected in

U.S. Geological Survey (USGS)-grid wells in the Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater
Ambient Monitoring and Assessment (GAMA) Program Priority Basin Project. (MTBE, methyl tert-butyl ether; PCE, tetrachloroethene;
1,1-DCE, 1,1-dichloroethene; 1,4-DCB, 1,4-dichlorobenzene; 1,1,1-TCA, 1,1,1-trichloroethane; 1,3,5-TMB, 1,3 5-trimethylbenzene;

CFC-113, 1,1,2-trichloro-1,2,2-trifluoroethane)

2010. The trihalomethane chloroform and the herbicide
atrazine were the only individual organic constituents with
area-weighted detection frequencies greater than 10 percent
(fig. 15). Perchlorate was detected at moderate RCs and had
an area-weighted detection frequency of 43 percent (fig. 15).
Moran and others (2005) sampled 23 wellsin the area of the
CAMP study unit and had a 39 percent detection frequency
for methyl tert-butyl ether (MTBE). However, the reporting

limits used by Moran and others (2005) were lower than those
used by USGS-GAMA.. If the MTBE results from Moran and
others (2005) were screened at the reporting limit used by
USGS-GAMA, then the MTBE detection frequency would

be 4.3 percent, which is similar to the area-weighted MTBE
detection frequency in the CAMP study unit in this study

(fig. 15).
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Organic constituents with benchmarks were not present at  quality and potential explanatory factors were evaluated
high or moderate RCs in the CAMP study unit primary aquifer ~ for the two organic constituent classes (herbicides and

system, but were present at low RCs in about 41 percent of trihalomethanes) having an individual constituent with a
the system (table 13). The VOCs and pesticides each were detection frequency greater than 10 percent in the study unit as
detected at low RCs in approximately one-quarter of the awhole (tables 114, 11B).

primary aquifer system (zable 13). Relations between water

Table 13. Summary of aquifer-scale proportions calculated using the spatially weighted method for organic constituent classes with
health-based henchmarks and perchlorate for study areas, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California
Groundwater Ambient Monitoring and Assessment (GAMA) Program Priority Basin Project.

[Study area abbreviations: ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study area; LU, Cascade Range and Modoc Plateau L ow-

Use Basins study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta \Volcanic Area study area; TV, Tertiary Volcanic Areas
study area. Study unit: Aquifer-scale proportions are area weighted by the percent (%) of the study unit covered by each study area: ES=10.4%, HL=13.4%,
LU=18.4%, QV=25.7%, SH=13.3%, TV=18.7%. Relative-concentration categories: Relative-concentration (RC) is defined as the concentration measured

in the sample divided by the concentration of the selected benchmark. High; concentration of at least one constituent in group greater than water-quality
benchmark; moderate, concentration of at least one constituent in group greater than 0.1 of benchmark and no constituents in group with concentration greater
than benchmark; low, concentrations of all constituents in group less than or equal to 0.1 of benchmark. Other abbreviations: VOC, volatile organic compound]

Constituent classes Number Aquifer-scale proportions
and of (percent)
study areas wells Not detected Low-RC Moderate-RC High-RC
Pesticides (herbicides)'
ES 15 100 0 0 0
HL 15 86.7 13.3 0 0
LU 15 86.7 13.3 0 0
Qv 15 80.0 20.0 0 0
SH 15 333 66.7 0 0
TV 15 73.3 26.7 0 0
CAMP study unit 90 76.7 23.3 0 0
Trihalomethane (THM)?
ES 23 53.3 46.7 0 0
HL 24 86.7 133 0 0
LU 21 93.3 6.7 0 0
Qv 26 100 0 0 0
SH 24 86.7 133 0 0
TV 20 86.7 133 0 0
CAMP study unit 138 87.9 12.1 0 0
Any VOC®
ES 23 46.7 53.3 0 0
HL 24 60.0 40.0 0 0
LU 21 86.7 13.3 0 0
Qv 26 86.7 13.3 0 0
SH 24 73.3 26.7 0 0
TV 20 80.0 20.0 0 0
CAMP study unit 138 75.9 24.1 0 0
Any organic constituent with a health-based benchmark*
ES 23 46.7 53.3 0 0
HL 24 60.0 40.0 0 0
LU 21 73.3 26.7 0 0
Qv 26 73.3 26.7 0 0
SH 24 26.7 73.3 0 0
TV 20 53.3 46.7 0 0
CAMP study unit 138 58.8 41.2 0 0
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Table 13. Summary of aquifer-scale proportions calculated using the spatially weighted method for organic constituent classes with
health-based henchmarks and perchlorate for study areas, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California
Groundwater Ambient Monitoring and Assessment (GAMA) Program Priority Basin Project—Continued

[Study area abbreviations: ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study area; LU, Cascade Range and Modoc Plateau Low-

Use Basins study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta \Volcanic Area study area; TV, Tertiary Volcanic Areas
study area. Study unit: Aquifer-scale proportions are area weighted by the percent (%) of the study unit covered by each study area: ES=10.4%, HL=13.4%,
LU=18.4%, QV=25.7%, SH=13.3%, TV=18.7%. Relative-concentration categories: Relative-concentration (RC) is defined as the concentration measured

in the sample divided by the concentration of the selected benchmark. High; concentration of at least one constituent in group greater than water-quality
benchmark; moderate, concentration of at least one constituent in group greater than 0.1 of benchmark and no constituents in group with concentration greater
than benchmark; low, concentrations of all constituents in group less than or equal to 0.1 of benchmark. Other abbreviations: VOC, volatile organic compound]

Constituent classes Number

Aquifer-scale proportions

and of (percent)
study areas wells Not detected Low-RC Moderate-RC High-RC
Perchlorate®
ES 29 9.1 90.9 0 0
HL 35 40.0 53.3 6.7 0
LU 28 53.3 40.0 6.7 0
Qv 45 78.6 21.4 0 0
SH 38 53.3 46.7 0 0
TV 24 71.4 28.6 0 0
CAMP study unit 199 56.7 41.0 2.2 0

'Herbicides include atrazine, hexazinone, prometon, simazine, and tebuthiuron. The insecticide carbaryl was detected in one sample that also had detections of
herbicides; therefore, the aquifer-scale proportions for herbicides are the same as those for pesticides.

2Chloroform was the only trihalomethane detected.

3Any VOC includes chloroform; the solvents dichloromethane, tetrachloroethene (PCE), 1,1,1-trichloroethane; the organic synthesis compound 1,1-dichloro-
ethene; the fumigant 1,4-dichlorobenzene; the gasoline oxygenate methyl tert-butyl ether (M TBE); the gasoline hydrocarbons 1,3,5-trimethylbenzene, benzene,
isopropylbenzene, n-propylbenzene; and the refrigerant 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113).

“Any organic constituent includes pesticides and VOCs.

SPerchlorate was analyzed in 84 U.S. Geological Survey-grid samples: 11in ES; 15 eachin HL, LU, and SH; and 14 each in QV and TV.

Herbicides

All but one of the pesticides with human health-based
benchmarks detected in the CAMP study unit were herbicides
(table 5). The CDPH database contained no data for pesticides
for sitesin the CAMP study unit. The detection frequency of
herbicides ranged from 0 in the ES study areato 67 percent in
the SH study area (figs. 16, 174; table 13). All concentrations
were very low; the maximum RC for any individual herbicide
(fig. 15) or for the sum of the RCs of al herbicides present in a
sample was 0.03 (fig. 16).

Atrazine was the most frequently detected herbicide,
with an area-wei ghted detection frequency of 14 percent
(fig. 15). It was detected in all of the study areas except the ES
study area, and the maximum study area detection frequency
was 53 percent in the SH study area (fig. 16). All of the
USGS-grid well samples containing atrazine also contained
the degradation product deethylatrazine, and deethylatrazine
was detected in about twice the number of USGS-grid well
samples than was atrazine (Shelton and others, 2013). The
concentrations of deethylatrazine generally were higher
than the concentrations of atrazine. Neither the USEPA nor
CDPH have established a benchmark for deethylatrazine (as
of 2014); thus, a RC cannot be cal culated, thereby preventing

it from being included in the status assessment. Atrazine and
deethylatrazine are the most common pesticides or pesticide
degradates detected in the groundwater sampled by the
National Water-Quality Assessment (NAWQA) Program
(Gilliom and others, 2006), and their co-occurrence could
reflect the relatively high degree of persistence of atrazine

in groundwater environments (Kolpin and others, 1998).
Hexazinone had an area-weighted detection frequency of
9.8 percent (fig. 15) and was detected in the LU, QV, and SH
study areas. Simazine was detected in the HL and SH study
areas, and prometon and tebuthiuron were detected only in the
SH study area.

Herbicide concentrations were significantly correlated
with study area and groundwater age. The total concentration
of herbicides was significantly greater in the SH study area
than in any of the other study areas, and significantly greater
in modern and mixed age groundwater than in pre-modern
groundwater (table 11A4). The negative correlation between
pH and herbicide concentration (rable 11B) likely reflects the
lower pH values in samples from the SH study area (table A6),
and the greater herbicide concentrations in oxic compared to
anoxic groundwater (fable 11A4) likely reflects the significant
association between oxic groundwater and the SH study area
(table 7C).
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Figure 16. Area-weighted detection frequency and graphs of relative-concentrations (RC) of selected organic and special-interest
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Herbicide concentrations showed no significant
correlations with depths to the top or the bottom of the
screened or open interval in the well (table 11B) or to depth
class (table 11A4). Herbicide concentrations also showed
no significant correlations with land use (fable 11B). This
absence of correlations was unexpected, given the positive
correlation between herbicide concentrations and percentage
of agricultural land use and negative correlation between
herbicide concentrations and well depth or depth to the top of
the screened or open interval observed in many other GAMA
Priority Basin Project study units (for example, Landon and
others, 2010).

The high detection frequency of herbicidesin the SH
study area compared to the other study areas (table 13;
fig. 16)—and compared to most other areas investigated by
the GAMA Priority Basin Project—and the lack of correlation
between herbicide concentrations and land use or measures
of well depth could be related to non-agricultural applications
of herbicides and to specific features of the hydrology of
the SH study area. The California Department of Pesticide
Regulation (CDPR) maintains a database of registered
pesticide applications at the scale of 1-mi? sections (California
Department of Pesticide Regulation, 2013). Of the herbicides
analyzed in this study, hexazinone has the greatest rate of
registered usage in the CAMP study unit. The primary uses
of hexazinone in the CAMP study unit are for timber-stand
improvement in U.S. Forest Service and private timberlands
and for weed management in grazing lands and alfalfa grown
for forage (Kegley and others, 2011; California Department
of Pesticide Regulation, 2013). Between 1991 and 2005, an
average of 328 pounds per year (Ib/yr) of hexazinone were
applied in the SH study area, and another 832 Ib/yr were
applied in the forested watershed surrounding the study area.
Use of herbicidesin timberlandsis of concern to the SWRCB
and the Regional Water Quality Control Boards (for example,
North Coast Regional Water Quality Control Board, 2005).

The other frequently detected herbicides in the CAMP
study unit, atrazine and simazine, had few registered pesticide
applications in specific 1-mi? sections between 1991 and
2005 (California Department of Pesticide Regulation,

2013). However, the database reports many registered non-
agricultural uses of pesticides at the county level, rather than
at the section level. Between 1991 and 1996, approximately
300 Ib/yr of atrazine and 487 Ib/yr of simazine were applied
for weed control in rights-of-way in Siskiyou, Modoc, and
Lassen counties (the three counties mostly or entirely within
the CAMP study unit) (California Department of Pesticide
Regulation, 2013). Herbicide use by the California Department
of Transportation has decreased markedly since the mid-1990s
as aresult of changesin weed control strategies, and atrazine
and simazine are no longer used (California Department of
Transportation, 2014). No information is available about
unregistered usage of herbicides in the CAMP study unit.

Of the six study aresas, the SH study area had the greatest
proportion of USGS-grid wells with modern or mixed age
groundwater (fig. 8C). The combination of potential sources
of herbicides (timberlands, agriculture, and roadside right-of-
ways) and presence of modern groundwater could account for
the greater detection frequency of herbicidesin the SH study
area compared to the other study areas.

Trihalomethanes

Water used for drinking and other household uses
in domestic and public systems commonly is disinfected
with chlorine solutions (for example, sodium hypochlorite
[bleach], hypochlorous acid, chlorine gas, chloramines, or
chlorine dioxide). In addition to disinfecting the water, the
chlorine compounds can react with organic matter to produce
trihalomethanes (THMs) and other chlorinated and (or)
brominated disinfection byproducts (for example, Ivahnenko
and Barbash, 2004). Chloroform was the most frequently
detected VOC in groundwater across the USA (Zogorski and
others, 2006).

The only THM detected in USGS-grid wellsin the
CAMP study unit was chloroform (table 5). Chloroform
was not detected at high or moderate RCsin the CAMP
study unit in samples from USGS-grid wells or reported
at high or moderate RCsin the CDPH database. The area-
weighted detection frequency of low RCs of chloroform in the
CAMP study unit was 12 percent (fig. 15), and the detection
frequenciesin the six study areas ranged from zero in the
QV study areato 47 percent in the ES study area (table 13,

figs. 16, 17B).

Chloroform concentrations were significantly greater
in the ES study areathaninthe LU and QV study areas
(table 114) and showed significant positive correlations with
urban land use and septic-tank density (zable 11B). The density
of septic tanks was significantly greater in the ES study area
than in the LU and QV study areas (table 7A). The significant
negative correlations between chloroform concentrations and
elevation and pH (table 11B) reflect that the ES study area
has significantly lower elevation and pH compared to other
study areas (table 7A). Chloroform concentrations showed no
significant relations with groundwater age or with well depth
(tables 114-B); however, half of the wells with detections of
chloroform were from the ES study area, which generally had
deeper wells than the other study areas (fig. 7).

Urban land use and septic-tank density were not
significantly correlated with each other (zable 7B); thus, the
fact that both are correlated with chloroform concentration
indicates a more complex relation among the three variables.
The 90 USGS-grid wells were divided into four groups on the
basis of percentages of urban land use and septic-tank density.
The detection frequency of chloroform in sites with urban land
use greater than 10 percent and septic-tank density greater
than 2 tanks/km? was significantly greater than the detection
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frequency in sites with less than 10 percent urban land use and
septic-tank density less than 2 tanks/km? (contingency table
test, p<0.001; fig. 18). Detection frequencies of chloroform
in sites with either urban land use greater than 10 percent or
septic-tank density greater than 2 tanks/km?, but not both,
were in between the detection frequencies of chloroform in the
other two groups (fig. 18).

Nationally, THMs have been strongly correlated with
the percentage of urban land use (Zogorski and others, 2006).
Potential urban sources of THMs include recharge from
landscape irrigation with disinfected water, leakage from
water distribution systems, and industrial and commercial
usage of chlorinated disinfectants and reagents (Ivahnenko
and Barbash, 2004). Septic systems can be a source of
THMsto groundwater because they recharge water used
for domestic purposes to the aquifer system, and this water
may be disinfected for household use, or bleach and other
cleaning products containing chlorine could have been
used in the house. In addition, there could be a correlation
between septic systems and domestic or small system
wells—areas not part of large public water-supply systems
may also not be part of sewage systems. Shock chlorination
(often carried out by pouring bleach down awell) isa
recommended procedure for treating bacterial contamination
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and odor problemsin domestic drinking-water supply wells
(U.S. Centers for Disease Control and Prevention, 2006),

and could cause areservoir of chlorinated water to form

in the well bore and surrounding aquifer material. Smaller
systems, such as schools, campgrounds, restaurants, small
community associations, and domestic well owners, may be
more likely to maintain their wells following guidelines for
domestic wells than are large systems, such as municipalities.
Of the 75 USGS-grid wells listed in the CDPH database,

53 (71 percent) served fewer than 1,000 people, and 37

(49 percent) served fewer than 200 people. The dominance of
relatively small water systems could account for the relation
between chloroform detections and septic-tank densities.
There were no detections of chloroform in samples from the
nine USGS-grid wells that were springs.

Perchlorate

Perchlorate is an inorganic anion that is highly soluble
in water. It was classified as a special-interest constituent
because, at the inception of the GAMA Priority Basin
Project in 2003, perchlorate had recently been detected in
public-supply wellsin several areas of the State, and the
CDPH was evaluating whether or not an MCL-CA should
be established. The MCL-CA of 6 ug/L was promulgated in
2007. Perchlorate has both natural and anthropogenic sources
to groundwater. It forms naturally in the atmosphere and is
present at very low concentrationsin precipitation (Dasgupta
and others, 2005; Parker and others, 2009; Rajagopalan
and others, 2009). Naturally deposited perchlorate saltsin
the soils and unsaturated zones of aquifersin areas with
arid to semi-arid climates can be re-solubilized and carried
into deeper groundwater by recharge of applied irrigation
water (Rao and others, 2007; Fram and Belitz, 2011).
Perchlorate is a component of solid rocket fuel and is used
in explosives, fireworks, safety flares, and other products
(U.S. Environmental Protection Agency, 2005b; Dasgupta
and others, 2006). It also may be present in some fertilizers
(Dasgupta and others, 2006; Bohlke and others, 2009) and
can form in the chlorine solutions used for drinking water
disinfection (Massachusetts Department of Environmental
Protection, 2006; Greiner and others, 2008).

Perchlorate was not present at high RCsin the primary
aquifer system of the CAMP study unit and was detected at
moderate RCsin 2.2 percent and at low RCsin 41 percent
of the system (zable 13). The study-area detection frequency
of perchlorate ranged from 21 percent in the QV study area
to 91 percent in the ES study area (table 13; figs. 16, 17C).
Concentrations of perchlorate showed significant negative
correlations with the aridity index and pH and positive
correlations with the percentage of agricultural land use
(table 11B). Perchlorate concentrations were positively
correlated with nitrate concentrations (spearman p<0.001,
p=0.63).
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Perchlorate detection frequencies in the CAMP study
unit mostly were consistent with those expected from the
distribution of perchlorate in California groundwater under
natural conditions (Fram and Belitz, 2011). In the Fram and
Belitz (2011) study, the observed occurrence frequencies
of perchlorate at concentrations greater than threshold
concentrations of 0.1 and 0.5 pg/L were compared to the
predicted probability of perchlorate occurring under natural
conditions as afunction of aridity index. For the CAMP study
unit, the 84 USGS-grid wells with perchlorate data were
divided into 4 groups of 21 wells by the aridity index, and,
for each group, the average aridity index and the detection
frequencies of perchlorate at concentrations greater than
0.1 pg/L and greater than 0.5 pg/L were calculated. The
observed detection frequencies were close to the predicted
probabilitiesin all cases, except for the occurrence of
perchlorate at concentrations greater than 0.1 pg/L in the
group of samples from the wettest areas (greatest average
aridity index) (fig. 19). Thisindicated that anthropogenic
sources of perchlorate were not required to explain the pattern
of perchlorate occurrence in most of the CAMP study unit,
although contribution from anthropogenic sources cannot be
ruled out.

The elevated occurrence frequency of low concentrations
of perchlorate in the group of 21 USGS-grid wells from the
wettest areas is not easily explained. There were no recorded
sites of perchlorate production or use and no known sites
of groundwater contamination from industrial sources of
perchlorate near the nine USGS-grid wellsin that group
with perchlorate detections (U.S. Environmental Protection
Agency, 2005b; California Department of Toxic Substances
Control, 2007; California State Water Resources Control
Board, 2007). There also were no significant differences in
detection frequency of solvents and gasoline components
among the four groups (contingency table test, p=0.36),
indicating an absence of industrial sources of perchlorate.
The group from the wettest areas had significantly lower
percentages of agricultural land use in the 500-m buffers
around the USGS-grid wells than did the other three groups
(Kruskal-Wallis test, p<0.001), and there were no significant
differencesin nitrate concentrations among the four groups
(Kruskal-Wallis test, p=0.26). This indicates absence of
agricultural sources of perchlorate. There were no significant
differences in chloroform detection frequency among the four
groups (contingency table test, p=0.30), indicating absence
of perchlorate derived from chlorine solutions. Of the nine
samples with detections of perchlorate in the group of samples
from the wettest areas, six samples were from the ES study

area. Of the 11 samples from the ES study area with data

for perchlorate, 10 samples (91 percent) had a detection of
perchlorate (Shelton and others, 2013). Further investigation
of theincreased occurrence of low concentrations of
perchlorate in groundwater in the ES study areais beyond the
scope of thisreport.
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Plateau (CAMP) study unit, 2010, California Groundwater Ambient
Monitoring and Assessment (GAMA) Program Priority Basin
Project.



Summary

Groundwater quality in the Cascade Range and Modoc
Plateau (CAMP) study unit was investigated as part of the
California State Water Resource Control Board's Groundwater
Ambient Monitoring and Assessment (GAMA) Program
Priority Basin Project. The CAMP study unit covers an area
of approximately 15,000 square miles (mi?) or 39,000 square
kilometers (km?) in Siskiyou, Modoc, Shasta, Lassen, Tehama,
Plumas, and Butte counties in the northeastern corner of the
State.

The GAMA Priority Basin Project is designed to
provide a statistically unbiased assessment of untreated
groundwater quality in the primary aquifer system used for
public drinking-water supplies statewide. The primary aquifer
system was defined by the range of depths of the screened or
open intervals of wells listed in the California Department
of Public Health (CDPH) database of wells used for public
drinking-water supply. [The CDPH Drinking Water Program
which regulated water quality in public-supply wells was
transferred to the SWRCB Division of Drinking Water on
July 1, 2014, however the label “CDPH” isretained in this
report for consistency with other GAMA Priority Basin Project
publications and because the CDPH had jurisdiction over
public-supply wells at the time that samples were collected
for this study.] Two types of assessments were made for the
CAMP study unit: (1) a status assessment yielding quantitative
estimates of the current status of groundwater quality in the
primary aquifer system and (2) an under standing assessment
consisting of evaluation of relations between water quality and
potential explanatory factors describing land use, geography,
depth, geochemical conditions, groundwater age, and other
characteristics of the primary aquifer system.

The assessments were based on data collected by the
(U.S. Geological Survey (USGS) for the GAMA Priority
Basin Project (USGS-GAMA) and data compiled from the
CDPH database. The study unit was divided into six study
areas on the basis of regional geology: Eastside Sacramento
Valley (ES), Honey Lake Valley (HL), Cascade Range and
Modoc Plateau Low Use Basins (LU), Quaternary Volcanic
Areas (QV), Shasta Valley and Mount Shasta Volcanic Area
(SH), and Tertiary Volcanic Areas (TV). Each study areawas
divided into 15 equal-area cells. The sizes of the grid cells
ranged from 19 kn?? in the ES study areato 47 km? in the QV
study area. Water-quality and ancillary data were collected
by USGS-GAMA from awell or spring in each of the 90 grid
cells during 2010 (referred to as USGS-grid wellsin this
report). Of the 90 USGS-grid wells, 82 were listed in the
CDPH database of public-supply wells and springs, and the
other 8 were screened or had open intervals similar to wells
listed in the CDPH database. Samples from the USGS-grid
wells were analyzed for organic constituents (volatile organic
compounds and pesticides), inorganic constituents (major ions,
trace elements, and radioactive constituents), special interest
constituents (perchlorate) and geochemical and age-dating
tracers. Additional water-quality data were obtained from
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177 wellsin the CDPH database having data for samples
collected between September 16, 2007, and September 16,
2010.

Relative-concentrations (defined as sample concentration
divided by benchmark concentration for the constituent)
were used to evaluate groundwater quality for constituents
that have Federal and (or) Californiaregulatory or non-
regulatory benchmarks for drinking-water quality. A relative-
concentration (RC) greater than 1.0 indicates a concentration
above a benchmark. Organic and special interest constituent
RCs were classified as “high” (RCs greater than 1.0),
“moderate” (RCs greater than 0.10, but less than or equal to
1.0), or “low” (RCslessthan or equal to 0.1). For inorganic
constituents, the boundary between low and moderate RCs
was set at 0.5.

Aquifer-scale proportion was used as the primary
metric in the status assessment to evaluate regional-scale
groundwater quality. High-RC aguifer-scale proportion was
defined as the areal percentage of the primary aquifer system
that had a RC greater than 1.0 for a particular constituent
or class of constituents; moderate-RC and low-RC aquifer-
scale proportions were defined as the areal percentages of
the primary aguifer system that had moderate and low RCs,
respectively. Aquifer-scale proportions were calculated for
the primary aguifer systemsin each of the six study areas
and on an area-weighted basis for the study unit as awhole.
Both grid-based, which used data from one well per grid cell,
and spatially weighted, which used data from multiple wells
per grid cell, approaches were used to calculate aquifer-scale
proportions.

The status assessment showed that inorganic constituents
had greater high-RC and moderate-RC aquifer-scale
proportions than did organic constituents and that there were
significant differences in aquifer-scale proportions for many
constituents among the six study areas. In the CAMP study
unit as awhole, one or more inorganic constituents with
health-based benchmarks (U.S. Environmental Protection
Agency [USEPA] and CDPH maximum contaminant
levels and action levels, CDPH notification levels, and
USEPA lifetime health advisory levels) had high RCsin
9.4 percent of the primary aquifer system and moderate
RCsin 14.7 percent. Arsenic and boron each were found at
high RCsin approximately 3 percent of the primary aquifer
system, and molybdenum, uranium, and vanadium each were
found at high RCsin approximately 2 percent. The primary
aquifer system of the HL study area had greater proportions
with high or moderate RCs of arsenic, boron, molybdenum,
and uranium than did primary aquifer systemsin other study
areas. In the CAMP study unit as awhole, one or more
inorganic constituents with aesthetic-based benchmark (CDPH
secondary maximum contaminant levels) had high RCsin
15.1 percent of the primary aquifer system and moderate RCs
in 4.9 percent. Manganese, iron, and total dissolved solids
(TDS) were found at high RCsin approximately 12 percent,
5 percent, and 2 percent of the primary aquifer system,
respectively.
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Organic constituents with health-based benchmarks
were not found at high or moderate RCs in the CAMP
study unit. Of the 148 organic constituents analyzed by
USGS-GAMA, 27 were detected in at least one well, and of
those 27 constituents, 18 have health-based benchmarks. One
or more volatile organic compound (VOC) was detected at
low RCsin 24 percent of the primary aquifer system, and one
or more pesticide was detected at low RCsin 23 percent. Two
organic constituents had detection frequencies greater than
10 percent: the trihalomethane chloroform and the herbicide
atrazine. The special-interest constituent perchlorate was not
found at high RCsin the CAMP study unit, but was found at
moderate RCsin 2.2 percent of the primary aquifer system.

For the understanding assessment, statistical tests
were used to evaluate rel ations between concentrations of
constituents and potential explanatory factors descriptive
of geologic, hydrologic, land use, and geochemical
characteristics of the primary aquifer system at the
90 USGS-grid wells. The potential explanatory factors
evaluated were study area; aquifer lithology class; the
percentages of agricultural, natural, and urban land use within
aradius 500-meters (m) around the USGS-grid well (500-m
buffers); the densities of septic tanks and leaking or formerly
leaking underground fuel tanks in the 500-m buffers; the
aridity index and elevation at the well site; depths to the top
and bottom of the screened, or open interval for wells, and
depth class (spring, shallow well, overlapping well, deep
well); groundwater age class (modern, mixed, pre-modern);
and the water-quality indicators pH, dissolved oxygen
concentration, and oxidation-reduction class (oxic, anoxic).

Concentrations of arsenic, boron, molybdenum, uranium,
and TDS were significantly greater in USGS-grid well samples
from the HL study areathan in samples from other study
areas. Many of the correlations between the concentrations of
these constituents and values of other potential explanatory
factors reflect associations between potential explanatory
factors and location in the Honey Lake study area.
Concentrations of arsenic, boron, molybdenum, uranium,
and TDS generally were greater in pre-modern and mixed
age groundwater compared to modern age groundwater and
in sites with sedimentary aquifer lithology compared to sites

with volcanic aquifer lithology, and generally were positively
correlated with percentage of agricultural land use and pH
and negatively correlated with aridity index and dissolved
oxygen concentration, consistent with the associations
between values of these explanatory factors and location in
the Honey Lake study area. The source of uranium was likely
sediments derived from granitic rocks in the Sierra Nevada
adjacent to the Honey Lake study area, and mixing with fluids
from hydrothermal systemsin the Honey Lake study areais
likely a source of arsenic, boron, and other constituents to
groundwater. Interaction between groundwater and Honey
Lake playa sediments under high pH and low dissolved
oxygen conditions may result in desorption of arsenic,
molybdenum, and uranium from the sediments. Cumulative
dissolution of aquifer materials over long time periods and
evaporative concentration of groundwater in the playa may
also contribute to increased concentrations of trace elements
and TDSin Honey Lake groundwater.

Thermal springs are present in many parts of the
CAMP study unit and could account for locally elevated
concentrations of arsenic, boron, molybdenum, and TDSin
the other study areas. Vanadium concentrationsin USGS-grid
wells were greater in oxic samples than in anoxic samples, but
were not correlated with pH, contrary to expectations based on
previous studies.

The SH study area had significantly greater occurrence of
low RCs of herbicides than all of the other study areas, which
could reflect the greater prevalence of modern groundwater
in the SH study area and the presence of potential sources
of herbicides from applications to timberlands and roadside
rights-of-way. Chloroform occurrence was associated with
the combination of septic-tank density greater than two tanks
per square kilometer (km?) and urban land use greater than
10 percent within aradius of 500-meters of the well. These
conditions were most prevalent in the ES study area. The
detection frequency of low concentrations (0.1-0.5 pg/L)
of perchlorate was consistent with probability of occurrence
expected under natural conditions, except for in the ES study
area where detection frequencies were much higher than
expected, but could not be explained by known anthropogenic
sources of perchlorate.



References Cited

Bally, A.W., and Palmer, A.R., eds., 1989, The Geology of
North America, vol. A, An Overview: Boulder, Colorado,
Geological Society of America.

Belitz, Kenneth, Dubrovsky, N.M., Burow, Karen,
Jurgens, Bryant, and Johnson, Tyler, 2003, Framework
for aground-water quality monitoring and assessment
program for California: U.S. Geological Survey
Water-Resources I nvestigations Report 03-4166, 78 p.,
http://pubs.usgs.gov/wri/wri034166/ .

Belitz, Kenneth, Jurgens, Bryant, Landon, M.K., Fram, M.S,,
and Johnson, Tyler, 2010, Estimation of aquifer scale
proportion using equal area grids—A ssessment of regional
scale groundwater quality: Water Resources Research, v. 46,
no. 11, http.//dx.doi.org/10.1029/2010WR009321.

Benson, L.V., and Thompson, R.S., 1987, Lake-level variation
in the Lahontan basin for the past 50,000 years: Quaternary
Research, v. 28, no. 1, p. 69-85,
http://dx.doi.org/10.1016/0033-5894(87)90034-2.

Blodgett, J.C., Poeschel, K.R., and Thornton, J.L., 1988,
A water-resources appraisal of the Mount Shasta area
in northern California, 1985: U.S. Geological Survey
Water-Resources I nvestigations Report 87—4239, 46 p.,
http://pubs.er.usgs.gov/publication/wri874239.

Bohlke, JK., Hatzinger, PB., Sturchio, N.C., Gu,
Baohua, Abbene, Irene, and Mroczkowski, S.J., 2009,
Atacama perchlorate as an agricultural contaminant in
groundwater—I sotopic and chronologic evidence from
Long Idand, New York, USA: Environmental Science
and Technology, v. 43, no. 15, p. 5619-5625,
http://dx.doi.org/10.1021/es9006433.

Brown, L.D., Cai, T.T., and Dasgupta, Anirban, 2001,
Interval estimation for a binomial proportion:
Statistical Science, v. 16, no. 2, p. 101-117,
http://www.jstor.org/stable/2676784.

Brown and Caldwell, 2007, Lassen County groundwater
management plan: Rancho Cordova, California:
Brown and Caldwell, 103 p., accessed December 2014,
http://www.water.ca.gov/groundwater/docs/GWMP/NL-2 _
LassenCounty GWMP_2007.pdf.

References Cited 79

Burow, K.R., Shelton, J.L., and Dubrovsky, N.M., 2008,
Regional nitrate and pesticide trends in ground water
in the eastern San Joaquin Valley, California: Journal
of Environmental Quality, v. 37, no. 5, p. S-249-5-263,
http://dx.doi.org/10.2134/jeq2007.0061.

Burton, C.A., Shelton, J.L., and Belitz, Kenneth, 2012, Status
and understanding of groundwater quality in the two
southern San Joaquin Valley study units, 2005-2006—
California GAMA Priority Basin Project: U.S. Geological
Survey Scientific Investigations Report 2011-5218, 106 p.,
http://pubs.er.usgs.gov/publication/sir20115218.

California Department of Conservation, California Geological
Survey, 2002, California geomorphic provinces: California
Geological Survey Note 36, http://www.consrv.ca.gov/cgs/
information/publications/cgs_notes/note_36/Documents/
note_36.pdf.

California Department of Conservation, Division of
Oil, Gas, and Geothermal Resources, 2009, Well
locations—Litchfield, Susanville, Wendel (Honey
Lake Valley), Amedee, Lassen County, Map G1-3,
accessed February 12, 2014,
ftp://ftp.consrv.ca.gov/pub/oil/maps/Geothermal/G 1-3.pdf.

California Department of Finance, 2010, Census 2010,
Demographic profile summary file, table 2—Land area,
population, and population density, zip code tabulation
areas (ZCTA) in California, accessed January 2014
http://www.dof.ca.gov/research/demographic/state_census_
data_center/census_2010/.

California Department of Pesticide Regulation, 2013,
California pesticide information portal (CALIPI), Pesticide
Use Reporting (PUR) database, accessed February 2014,
http://calpip.cdpr.ca.gov/main.cfin.

California Department of Public Health, 2010, Drinking
water notification levels—Notification levels: California
Department of Public Health, accessed January 10, 2012,
http://www.cdph.ca.gov/certlic/drinkingwater/Pages/
NotificationLevels.aspx.

Cdlifornia Department of Public Health, 20133, California
Code of Regulation, Title 22, Division 4 Environmental
Health, Chapter 15 Domestic water quality and monitoring
regulations, Article 1 Definitions, accessed December 2013,
http: //mww.water boards.ca.gov/laws_regulations/.


http://pubs.usgs.gov/wri/wri034166/
http://dx.doi.org/10.1029/2010WR009321
http://dx.doi.org/10.1016/0033-5894(87)90034-2
http://pubs.er.usgs.gov/publication/wri874239
http://dx.doi.org/10.1021/es9006433
http://www.jstor.org/stable/2676784
http://www.water.ca.gov/groundwater/docs/GWMP/NL-2_LassenCounty_GWMP_2007.pdf
http://www.water.ca.gov/groundwater/docs/GWMP/NL-2_LassenCounty_GWMP_2007.pdf
http://dx.doi.org/10.2134/jeq2007.0061
http://pubs.er.usgs.gov/publication/sir20115218
http://www.consrv.ca.gov/cgs/information/publications/cgs_notes/note_36/Documents/note_36.pdf
http://www.consrv.ca.gov/cgs/information/publications/cgs_notes/note_36/Documents/note_36.pdf
http://www.consrv.ca.gov/cgs/information/publications/cgs_notes/note_36/Documents/note_36.pdf
ftp://ftp.consrv.ca.gov/pub/oil/maps/Geothermal/G1-3.pdf
http://www.dof.ca.gov/research/demographic/state_census_data_center/census_2010/
http://www.dof.ca.gov/research/demographic/state_census_data_center/census_2010/
http://calpip.cdpr.ca.gov/main.cfm
http://www.cdph.ca.gov/certlic/drinkingwater/Pages/NotificationLevels.aspx
http://www.cdph.ca.gov/certlic/drinkingwater/Pages/NotificationLevels.aspx
http://www.waterboards.ca.gov/laws_regulations/

80 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

California Department of Public Health, 2013b, California
Code of Regulation, Title 22, Division 4 Environmental
Health, Chapter 15 Domestic water quality and monitoring
regulations, Article 4 Primary standards—Inorganic
chemicals, 864431 Maximum contaminant levels—
Inorganic chemicals; Article 5 Radioactivity, 864442 MCLs
and monitoring—Gross a pha particle activity, radium-226,
radium-228, and uranium; Article 5.5 Primary standards—
Organic chemicals, 864444 Maximum contaminant levels—
Organic chemicals; and Article 16 Secondary drinking water
standards, §64449 Secondary maximum contaminant levels
and compliance, accessed December 2013,
http: //mmw.water boards.ca.gov/laws_regulations/.

California Department of Toxic Substances Control, 2007,
EnviroStor: Data download, accessed November 2007,
http: //mwww.envirostor.dtsc.ca.gov/public/data_download.

asp.

California Department of Transportation, 2014, Maintenance
manual volume 1, July 2014, chap. C2 Vegetation control,
accessed March 2015, http://www.dot.ca.gov/hg/maint/
manual/2014/17 Chpt C2 July 2014.pdf.

California Department of Water Resources, 1963, Northeastern
counties ground water investigation: California Department
of Water Resources Bulletin 98, 224 p., 32 pl.

California Department of Water Resources, 1980, Ground
water basins in California—A report to the legislature
in response to Water Code section 12924: California
Department of Water Resources Bulletin 118-80, accessed
July 25, 2011, http://Amww.water.ca.gov/pubs/groundwater/
bulletin_118/ground water_basins_in_california__
bulletin_118-80 /b118 80 ground water ocr.pdf.

California Department of Water Resources, 2003, California's
groundwater update 2003: California Department of
Water Resources Bulletin 118, 246 p., accessed July 7,
2010, http://www.water.ca.gov/groundwater/bulletinl18/
update_2003.cfm.

California Department of Water Resources, 2004a,
California’s groundwater—Individual basin
descriptions, Honey Lake Valley: California Department
of Water Resources Bulletin 118, accessed July 25, 2011,
http://www.water.ca.gov/pubs/groundwater/bulletin_118/
basindescriptions/6-4.pdf.

California Department of Water Resources, 2004b, California's
groundwater—Individual basin descriptions, Shasta Valley:
California Department of Water Resources Bulletin 118,
accessed July 25, 2011, http://mww.water.ca.gov/pubs/
groundwater/bulletin_118/basindescriptions/1-4.pdf.

California Department of Water Resources, 2004c, California's
groundwater—Individual basin descriptions, Upper
Klamath basin, Tule lake subbasin: California Department
of Water Resources Bulletin 118, accessed July 25, 2011,
http://www.water.ca.gov/pubs/groundwater/bulletin_118/
basindescriptions/1-2.01.pdf.

California Department of Water Resources, 2004d, California's
groundwater—Individual basin descriptions, Butte Valley:
California Department of Water Resources Bulletin 118,
accessed July 25, 2011, http://mww.water.ca.gov/pubs/
groundwater/bulletin_118/basindescriptions/I-3.pdf.

California Department of Water Resources, 2004e,
California’s groundwater—Individual basin descriptions,
Alturas groundwater basin, South Fork Pit River subbasin:
California Department of Water Resources Bulletin 118,
accessed July 25, 2011, http://www.water.ca.gov/pubs/
groundwater/bulletin_118/basindescriptions/5-2.01.pdf.

California Department of Water Resources, 2004f, California's
groundwater—Individual basin descriptions, Alturas
groundwater basin, Warm Springs Valley subbasin:
California Department of Water Resources Bulletin 118,
accessed July 25, 2011, http://www.water.ca.gov/pubs/
groundwater/bulletin_118/basindescriptions/5-2.02.pdf.

California Department of Water Resources, 2004g, California's
groundwater—Individual basin descriptions, Big Valley:
California Department of Water Resources Bulletin 118,
accessed July 25, 2011, http://mww.water.ca.gov/pubs/
groundwater/bulletin_118/basindescriptions/5-4.pdf.

California Department of Water Resources, 2004h,
California's groundwater—Individual basin
descriptions, Fall River Valley: California Department of
Water Resources Bulletin 118, accessed July 25, 2011,
http://www.water.ca.gov/pubs/groundwater/bulletin_118/
basindescriptions/5-5.pdf.

California Department of Water Resources, 2004,
California's groundwater—Individual basin
descriptions, Lake Almanor Valley: California Department
of Water Resources Bulletin 118, accessed July 25, 2011,
http://www.water.ca.gov/pubs/groundwater/bulletin_118/
basindescriptions/5-7.pdf.

California Department of Water Resources, 2004j, California's
groundwater—Individual basin descriptions, McCloud area:
California Department of Water Resources Bulletin 118,
accessed July 25, 2011, http://www.water.ca.gov/pubs/
groundwater/bulletin_118/basindescriptions/5-35.pdf.


http://www.waterboards.ca.gov/laws_regulations/
http://www.envirostor.dtsc.ca.gov/public/data_download.asp
http://www.envirostor.dtsc.ca.gov/public/data_download.asp
http://www.dot.ca.gov/hq/maint/manual/2014/17_Chpt_C2_July_2014.pdf
http://www.dot.ca.gov/hq/maint/manual/2014/17_Chpt_C2_July_2014.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/ground_water_basins_in_california__bulletin_118-80_/b118_80_ground_water_ocr.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/ground_water_basins_in_california__bulletin_118-80_/b118_80_ground_water_ocr.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/ground_water_basins_in_california__bulletin_118-80_/b118_80_ground_water_ocr.pdf
http://www.water.ca.gov/groundwater/bulletin118/update_2003.cfm
http://www.water.ca.gov/groundwater/bulletin118/update_2003.cfm
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/6-4.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/6-4.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/1-4.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/1-4.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/1-2.01.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/1-2.01.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/1-3.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/1-3.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-2.01.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-2.01.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-2.02.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-2.02.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-4.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-4.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-5.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-5.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-7.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-7.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-35.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-35.pdf

California Department of Water Resources, 2004k,
California’s groundwater—Individual basin
descriptions, Lake Britton Area: California Department
of Water Resources Bulletin 118, accessed July 25, 2011,
http://www.water.ca.gov/pubs/groundwater/bulletin_118/
basindescriptions/5-46.pdyf.

California Department of Water Resources, 20041,
Cadlifornia's groundwater—Individual basin descriptions,
North Fork Battle Creek Valley: California Department
of Water Resources Bulletin 118, accessed July 25, 2011,
http://www.water.ca.gov/pubs/groundwater/bulletin_118/
basindescriptions/5-50.pdyf.

California Department of Water Resources, 2004m,
California's groundwater—Individual basin
descriptions, Surprise Valley: California Department of
Water Resources Bulletin 118, accessed July 25, 2011,
http://www.water.ca.gov/pubs/groundwater/bulletin_118/
basindescriptions/6-1.pdf.

Cadlifornialrrigation Management Information System, 2005,
CIMIS Reference Evapotranspiration Zones, accessed
March 2015, http://wwwcimis.water.ca.gov/App_Themes
images/etozonemap.jpg.

California Office of Environmental Health Hazard
Assessment, 2000, Proposed notification level for
vanadium, accessed February 11, 2014,
http://oehha.ca.gov/water/pal s/vanadium.html.

Cadlifornia State Water Resources Control Board, 2003,
Report to the Governor and Legislature, A comprehensive
groundwater quality monitoring program for California:
Assembly Bill 599, March 2003, 100 p. accessed July 7,
2010, http://www.waterboards.ca.gov/gama/docs/final _
ab 599 rpt to legis 7 31 03.pdf.

California State Water Resources Control Board, 2007,
GeoTracker—Cleanup sites download, accessed
November 2007, http://geotracker.waterboards.ca.gov/.

Chesterman, C.W., and Saucedo, G.J, 1984, Cenozoic volcanic

stratigraphy of Shasta Valley, Siskiyou County, California
Cdlifornia Geology, v. 37, no. 4, p. 67-74.

Clynne, M.A., 1990, Stratigraphic, lithologic, and major
element geochemical constraints on magmatic evolution at
Lassen Vol canic Center, California: Journal of Geophysical
Research, v. 95, no. B12, p. 19651-19669.

Crandell, D.R., 1989, Gigantic debris avalanche
of Pleistocene age from ancestral Mount Shasta
volcano, California, and debris-avalanche hazard
zonation: U.S. Geological Survey Bulletin 1861, 32 p.,
http://pubs.er.usgs.gov/publication/b1861.

References Cited 81

Crusius, J,, Calvert, S., Pedersen, T., and Sage, D., 1996,

Rhenium and molybdenum enrichments in sediments
as indicators of oxic, suboxic, and sulfidic conditions of
deposition: Earth and Planetary Science Letters, v. 145,
p. 65-78.

Dasgupta, PK., Martinelango, PK., Jackson, W.A.,

Anderson, T.A., Tian, Kang, Tock, R.W., and
Rajagopalan, Srinath, 2005, The origin of naturally
occurring perchlorate—The role of atmospheric processes:
Environmental Science and Technology, v. 39, no. 6,

p. 1569-1575, http.//dx.doi.org/10.1021/es048612x.

Dasgupta, PK., Dyke, J.V., Kirk, A.B., and Jackson,

W.A., 2006, Perchlorate in the United States—Analysis
of relative source contributions to the food chain:
Environmental Science and Technology, v. 40, no. 21,
p. 6608-6614, http.//dx.doi.org/10.1021/es061321z.

Donnelly-Nolan, J.M., 1988, A magmatic model of
Medicine Lake Volcano, California: Journal of
Geophysical Research, v. 93, no. B5, p. 4412-4420,
http://dx.doi.org/10.1029/JB093iB05p04412.

Donnelly-Nolan, J.M., Champion, D.E., Miller,
C.D., Grove, T.L., and Trimble, D.A., 1990, Post-
11,000-year volcanism at Medicine Lake Volcano,
Cascade Range, northern California: Journa of
Geophysical Research, v. 95, no. B12, p. 19693-19704,
http://dx.doi.org/10.1029/JB095iB12p19693.

du Bray, E.A., and John, D.A., 2011, Petrologic, tectonic,
and metallogenic evolution of the Ancestral Cascades
magmatic arc, Washington, Oregon, and northern
California: Geosphere, v. 7, no. 5, p. 1102-1133,
http.//dx.doi.org/10.1130/GES00669.1.

Dubrovsky, N.M., Burow, K.R., Clark, G.M., Gronberg, JM.,
Hamilton, PA., Hitt, K.J.,, Mueller, D.K., Munn, M.D.,
Nolan, B.T., Puckett, L.J., Rupert, M.G., Short, T.M.,
Spahr, N.E., Sprague, L.A., Wilber, W.G., 2010,

The quality of our Nation’s waters—Nutrientsin
the Nation’s streams and groundwater, 1992—2004:
U.S. Geological Survey Circular 1350, 174 p.,
http://pubs.er.usgs.gov/publication/cirl350.

Egger, A.E., and Miller, E.L., 2011, Evolution of the
northwestern margin of the Basin and Range—T he geology
and extensiona history of the Warner Range and environs,
northeastern California: Geosphere, v. 7, no. 3, p. 756-773,
http://dx.doi.org/10.1130/GES00620.1.

Evans, L.J., and Barabash, S.J., 2010, Molybdenum, silver,
thallium, and vanadium, in Hooda, PS., ed., Trace elements
in soils: Chichester, United Kingdom, John Wiley & Sons,
p. 515-550, http.//dx.doi.org/10.1002/9781444319477.
ch22.


http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-46.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-46.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-50.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/5-50.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/6-1.pdf
http://www.water.ca.gov/pubs/groundwater/bulletin_118/basindescriptions/6-1.pdf
http://wwwcimis.water.ca.gov/App_Themes/images/etozonemap.jpg
http://wwwcimis.water.ca.gov/App_Themes/images/etozonemap.jpg
http://oehha.ca.gov/water/pals/vanadium.html
http://www.waterboards.ca.gov/gama/docs/final_ab_599_rpt_to_legis_7_31_03.pdf
http://www.waterboards.ca.gov/gama/docs/final_ab_599_rpt_to_legis_7_31_03.pdf
http://geotracker.waterboards.ca.gov/
http://pubs.er.usgs.gov/publication/b1861
http://dx.doi.org/10.1021/es048612x
http://dx.doi.org/10.1021/es061321z
http://dx.doi.org/10.1029/JB093iB05p04412
http://dx.doi.org/10.1029/JB095iB12p19693
http://dx.doi.org/10.1130/GES00669.1
http://pubs.er.usgs.gov/publication/cir1350
http://dx.doi.org/10.1130/GES00620.1
http://dx.doi.org/10.1002/9781444319477.ch22
http://dx.doi.org/10.1002/9781444319477.ch22

82 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

Fischer, R.P, and Ohl, J.P, 1970, Bibliography on
the geology and resources of vanadium to 1968:
U.S. Geological Survey Bulletin 1316, 168 p.,
http://pubs.er.usgs.gov/publication/b1316.

Focazio, M.J., Welch, A.H., Watkins, S.A., Helsel, D.R,,
and Horn, M.A., 2000, A retrospective analysis on the
occurrence of arsenic in ground-water resources of the
United States and limitations in drinking-water-supply
characterizations: U.S. Geological Survey Water-
Resources Investigations Report 99-4279, 21 p.,
http://pubs.er.usgs.gov/publication/wri994279.

Forrest, M.J., Kulongoski, J.T., Edwards, M.S., Farrar, C.D.,
Belitz, Kenneth, and Norris, R.D., 2013, Hydrothermal
contamination of public supply wellsin Napa and Sonoma
Valleys, Cdifornia: Applied Geochemistry, v. 33, p. 2540,
http://dx.doi.org/10.1016/j.apgeochem.2013.01.012.

Fram, M.S., and Belitz, Kenneth, 2011, Probability of
detecting perchlorate under natural conditionsin deep
groundwater in California and the southwestern United
States: Environmental Science & Technology, v. 45, no. 4,
p. 12711277, http://dx.doi.org/10.1021/es103103p.

Fram, M.S., and Belitz, Kenneth, 2012, Status and
understanding of groundwater quality in the Tahoe-
Martis, Central Sierra, and Southern Sierra study
units, 2006—2007—California GAMA Priority
Basin Project: U.S. Geological Survey Scientific
Investigations Report 2011-5216, 222 p.,
http://pubs.er.usgs.gov/publication/sir20115216.

Frans, L.M., Rupert, M.G., Hunt, C.D. Jr., and Skinner, K.D.,
2012, Groundwater quality in the Columbia Plateau,
Snake River Plain, and Oahu basaltic-rock and basin-
fill aquifers in the northwestern United States and
Hawaii, 1992-2010: U.S. Geological Survey Scientific
Investigations Report 2012-5153, 84 p.,
http://pubs.er.usgs.gov/publication/sir20125123.

Freeze, R.A., and Cherry, JA., 1979, Groundwater:
Englewood Cliffs, New Jersey, Prentice-Hall, Inc., 604 p.

Gannett, M.W,, Lite, K.E., J., LaMarche, J.L., Fisher, B.J,,
and Polette, D.J., 2007, Ground-water hydrology of
the upper Klamath Basin, Oregon and California:
U.S. Geological Survey Scientific Investigations
Report 2007-5050, 84 p., http://pubs.er.usgs.gov/
publication/sir20075050.

Gilliom, R.J., Barbash, J.E., Crawford, C.G., Hamilton, PA.,
Martin, J.D., Nakagaki, Naomi, Nowell, L.H., Scott, J.C.,
Stackelberg, PE., Thelin, G.P, and Wolock, D.M.,

2006, The quality of our nation’s waters—Pesticides
in the nation’s streams and ground water, 1992—2001.:
U.S. Geologica Survey Circular 1291, 173 p.,
http://pubs.er.usgs.gov/publication/cir1 291.

Glen, JM.G., Egger, A.E., Ippalito, C., and Athens, N., 2013,
Correlation of geothermal springs with sub-surface fault
terminations revealed by high-resolution, UAV-acquired
magnetic data: Proceedings, Thirty-Eighth Workshop on
Geothermal Reservoir Engineering, Stanford University,
Stanford, California, February 11-13, 2013, SGT-TR-198,
https://pangea.stanford.edu/ERE/pdf/IGAstandard/
SGW/2013/Glen.pdf.

Goldman, C.R., 1960, Molybdenum as a factor limiting
primary productivity in Castle Lake, California:
Science, v. 132, no. 3433, p. 10161017,
http://dx.doi.org/10.1126/science.132.3433.1016.

Greiner, Peter, McClellan, Clif, Bennett, Dale, and
Ewing, Angie, 2008, Occurrence of perchlorate in sodium
hypochlorite: Journal of the American Water Works
Association, v. 100, no. 11, p. 68-74, http://mwww.awwa.org/
publications/journal-awwa/abstract/articleid/16007.aspx.

Guffanti, Marianne, Clynne, M.A., Smith, J.G.,
Muffler, L.J.P., and Bullen, T.D., 1990, Late Cenozoic
volcanism, subduction, and extension in the Lassen
region of California, southern Cascade Range: Journal of
Geophysical Research, v. 95, no. B12, p. 19453-19464,
http://dx.doi.org/10.1029/JB095iB12p19453.

Handman, E.H., Londquist, C.J., and Maurer, D.K.,
1990, Ground-water resources of Honey Lake valley,
Lassen County, California, and Washoe County,
Nevada: U.S. Geological Survey Water-Resources
Investigations Report 90-4050, 112 p.,
http://pubs.er.usgs.gov/publication/wri904050.

Harwood, D.S., and Helley, E.J., 1987, Late Cenozoic
tectonism of the Sacramento Valley, Cdifornia
U.S. Geological Survey Professional Paper 1359, 46 p.,
http://pubs.er.usgs.gov/publication/pp1359.

Helsel, D.R., and Hirsch, R.M., 2002, Statistical methodsin
water resources: U.S. Geological Survey Techniques of
Water-Resources Investigations, book 4, chap. A3, 522 p.,
http://water.usgs.gov/pubs/twri/twrida3/.

Hem, J.D., 1985, Study and interpretation of the chemical
characteristics of natural water: U.S. Geological
Survey Water Supply Paper 2254, 263 p.,
http://pubs.er.usgs.gov/publication/wsp2254.

Hirsch, R.M., Alley, W.M., and Wilber, W.G., 1988,
Concepts for a national water-quality assessment
program: U.S. Geological Survey Circular 1021, 42 p.,
http://pubs.er.usgs.gov/publication/cirl 021.

Howat, I.M., Tulaczyk, Slawek, Rhodes, Philip, Israel, Kevin,
and Snyder, Mark, 2007, A precipitation-dominated,
mid-latitude glacier system: Mount Shasta, California:
Climate Dynamics, v. 28, no. 1, p. 85-98,
http://dx.doi.org/10.1007/s00382-006-0178-9.


http://pubs.er.usgs.gov/publication/b1316
http://pubs.er.usgs.gov/publication/wri994279
http://dx.doi.org/10.1016/j.apgeochem.2013.01.012
http://dx.doi.org/10.1021/es103103p
http://pubs.er.usgs.gov/publication/sir20115216
http://pubs.er.usgs.gov/publication/sir20125123
http://pubs.er.usgs.gov/publication/sir20075050
http://pubs.er.usgs.gov/publication/sir20075050
http://pubs.er.usgs.gov/publication/cir1291
https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2013/Glen.pdf
https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2013/Glen.pdf
http://dx.doi.org/10.1126/science.132.3433.1016
http://www.awwa.org/publications/journal-awwa/abstract/articleid/16007.aspx
http://www.awwa.org/publications/journal-awwa/abstract/articleid/16007.aspx
http://dx.doi.org/10.1029/JB095iB12p19453
http://pubs.er.usgs.gov/publication/wri904050
http://pubs.er.usgs.gov/publication/pp1359
http://water.usgs.gov/pubs/twri/twri4a3/
http://pubs.er.usgs.gov/publication/wsp2254
http://pubs.er.usgs.gov/publication/cir1021
http://dx.doi.org/10.1007/s00382-006-0178-9

Ingebritsen, S.E., and Sanford, W.E., 1998, Groundwater
in geologic processes. Cambridge, England, Cambridge
University Press, 341 p.

Isaaks, E.H., and Srivastava, R.M., 1989, Applied
geostatistics: New York, Oxford University Press, 511 p.

Ivahnenko, Tammy, and Barbash, J.E., 2004, Chloroform
in the hydrologic system—Sources, transport,
fate, occurrence, and effects on human health and
aquatic organisms: U.S. Geological Survey Scientific
Investigations Report 20045137, 34 p.,
http://pubs.er.usgs.gov/publication/sir20045137.

Jennings, C.W., 1977, Geologic map of California: California
Department of Conservation, Division of Mines and
Geology, Geologic Data Map No. 2, scale 1:750,000.

Johnson, T.D., and Belitz, Kenneth, 2009, Assigning land
use to supply wells for the statistical characterization of
regional groundwater quality: Correlating urban land use
and VOC occurrence: Journal of Hydrology, v. 370, no. 14,
p. 100-108, http.//dx.doi.org/10.1016/j.jhydrol.2009.02.056.

Johnson, T.D., and Belitz, Kenneth, 2015, Identifying the
location and population served by domestic wellsin
California: Journal of Hydrology: Regional Studies, v. 3,
p. 31-86, http://dx.doi.org/10.1016/j.ejrh.2014.09.002.

Jurgens, B.C., McMahon, PB., Chapelle, FH., and
Eberts, S.M., 2009, An Excel® workbook for identifying
redox processes in groundwater: U.S. Geological Survey
Open-File Report 2009-1004, 8 p.,
http://pubs.er.usgs.gov/publication/ofr20091004.

Jurgens, B.C., Fram, M..S., Belitz, Kenneth, Burow,
K.R., and Landon, M K., 2010, Effects of groundwater
development on uranium: Central Valley, California,
USA: Groundwater, v. 48, no. 6, p. 913-928,
http://dx.doi.org/10.1111/j.1745-6584.2009.00635.x.

Kegley, SE., Hill, B.R., Orme, S., and Choi, A.H.,
2011, PAN Pesticide Database: Pesticide Action
Network North America, accessed January 2014,
http://www.pesticideinfo.org.

Kenny, J.F., Barber, N.L., Hutson, S.S,, Linsey, K.S,,
Lovelace, JK., and Maupin, M.A., 2009, Estimated
use of water in the United States in 2005:

U.S. Geological Survey Circular 1344, 52 p.,
http://pubs.er.usgs.gov/publication/cirl 344.

Klein, Cornelis, and Hurlbut, C.S,, Jr., 1993, Manual of
mineralogy (after James D. Dana), 21st ed.: New York,
John Wiley & Sons, 681 p.

References Cited 83

Kolpin, D.W., Thurman, E.M., and Linhart, SM., 1998, The
environmental occurrence of herbicides—The importance
of degradatesin ground water: Archives of Environmental
Contamination and Toxicology, v. 35, no. 3, p. 385-390,
http://dx.doi.org/10.1007/s002449900392.

Kulongoski, Justin, and Belitz, Kenneth, 2004, Ground-
water ambient monitoring and assessment program:
U.S. Geologica Survey Fact Sheet 2004-3088, 2 p.,
http://pubs.er.usgs.gov/publication/fs20043088.

Landon, M.K., Belitz, Kenneth, Jurgens, B.C.,
Kulongoski, J.T., and Johnson, T.D., 2010, Status
and understanding of groundwater quality in the
Central-Eastside San Joaquin basin, 2006—California
GAMA Priority Basin Project: U.S. Geological Survey
Scientific Investigations Report 2009-5266, 97 p.,
http://pubs.er.usgs.gov/publication/sir20095266.

Lico, M.S., and Seiler, R.L., 1994, Ground-water quality
and geochemistry, Carson Desert, western Nevada:
U.S. Geological Survey Open-File Report 94-31, 91 p.,
http://pubs.er.usgs.gov/publication/ofr9431.

Lydon, PA., 1968, Geology and lahars of the Tuscan
Formation, Northern Californiain Coats, R.R., Hay, R.L.,
and Anderson, C.A., eds., Studiesin Vol canology,

A memoir in honor of Howel Williams: Geological
Society of AmericaMemoir 116, p. 441-475,
http://dx.doi.org/10.1130/MEM116-p441.

Mack, Seymour, 1960, Geology and ground-water
features of Shasta Valley, Siskiyou County, California:
U.S. Geological Survey Water Supply Paper 1484, 115 p.,
http://pubs.er.usgs.gov/publication/wsp1484.

Massachusetts Department of Environmental Protection,
2006, The occurrence and sources of perchloratein
Massachusetts, draft report, accessed November 2007,
http://www.mass.gov/dep/cleanup/sites/percsour.pdf.

Mayo, A.L., Henderson, R.M., Tingey, David, and
Webber, William, 2010, Chemical evolution of shallow
playa groundwater in response to post-pluvial isostatic
rebound, Honey Lake Basin, California—Nevada, USA:
Hydrogeology Journal, v. 18, no. 3, p. 725-747.

Meinzer, O.E., 1927, Large springs in the United States:
U.S. Geological Survey Water Supply Paper 557, 94 p.
http: //pubs.er.usgs.gov/publication/wsp557.

Misra, K.C., 2000, Understanding mineral deposits: Kluwer
Academic Publishers, The Netherlands, 847 p.


http://pubs.er.usgs.gov/publication/sir20045137
http://dx.doi.org/10.1016/j.jhydrol.2009.02.056
http://dx.doi.org/10.1016/j.ejrh.2014.09.002
http://pubs.er.usgs.gov/publication/ofr20091004
http://dx.doi.org/10.1111/j.1745-6584.2009.00635.x
http://www.pesticideinfo.org
http://pubs.er.usgs.gov/publication/cir1344
http://dx.doi.org/10.1007/s002449900392
http://pubs.er.usgs.gov/publication/fs20043088
http://pubs.er.usgs.gov/publication/sir20095266
http://pubs.er.usgs.gov/publication/ofr9431
http://dx.doi.org/10.1130/MEM116-p441
http://pubs.er.usgs.gov/publication/wsp1484
http://www.mass.gov/dep/cleanup/sites/percsour.pdf
http://pubs.er.usgs.gov/publication/wsp557

84 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

Moran, J.E., Hudson, G.B., Eaton, G.F., and Leif, Roald,
2005, California GAMA program: Groundwater ambient
monitoring and assessment results for the Sacramento
Valley and volcanic provinces of northern California:
Lawrence Livermore National Laboratory internal report
UCRL-TR-209191, 71 p., http://www.water boards.ca.gov/

gama/docs/cas_llnl_no_sacval volcanics.pdf.

Nakagaki, Naomi, and Wolock, D.M., 2005, Estimation of
agricultural pesticide use in drainage basins using land
cover maps and county pesticide data: U.S. Geological
Survey Open-File Report 2005-1188, 46 p.,
http://pubs.er.usgs.gov/publication/ofr20051188.

Nakagaki, Naomi, Price, C.V., Falcone, JA., Hitt, K.J., and
Ruddy, B.C., 2007, Enhanced National Land Cover Data
1992 (NLCDe 92): U.S. Geological Survey Raster digital
data, http.//water.usgs.gov/lookup/getspatial?nlcde9?2.

National Atmospheric Deposition Program, 2012,
National Trends Network data retrieval for sites CA76
(Montague), and CA96 (Lassen Volcanic National Park—
Manzanita L ake), accessed March 2013,
http://nadp.sws.uiuc.edu/NTN/ntnData.aspx.

National Research Council, 2008, Hydrology, ecology, and
fishes of the Klamath River Basin: National Academies
Press, Washington D.C., 249 p., http://mwww.nap.edu/
catalog/12072/hydrology-ecology-and-fishes-of-the-
klamath-river-basin.

Newcomb, R.C., and Hart, D.H., 1958, Preliminary report
on the ground-water resources of the Klamath River basin,
Oregon: U.S. Geological Survey Open-File Report 5873,
248 p., hitp://pubs.er.usgs.gov/publication/ofr5873.

Nolan, B.T., Hitt, K.J., and Ruddy, B.C., 2002, Probability
of nitrate contamination of recently recharged groundwaters
in the conterminous United States: Environmental
Science & Technology, v. 36, no. 10, p. 2138-2145,
http://dx.doi.org/10.1021/es0113854.

North Coast Regional Water Quality Control Board, 2005,
Watershed planning chapter, Santa Rosa, California:
Regional Water Quality Control Board, 257 p.,
http: //imww.water boards.ca.gov/northcoast/water_issues/
programs/wpc/wpc.pdf.

North Coast Regional Water Quality Control Board, 2006,
Action plan for the Shasta River watershed dissolved
oxygen and temperature maximum daily loads, 31 p.,
http: //mamw.swrch.ca.gov/northcoast/water _issues/programs/
tmdls/shasta_river/060707/finalshastatmdlactionplan.pdyf.

Oldow, J.S., and Cashman, PN., eds., 2009, Late
Cenozoic structure and evolution of the Great Basin—
Sierra Nevada transition: Geological Society of
America Special Papers 447, 372 p.,
http://specialpapers.gsapubs.org/content/447.

Page, Bill (trip leader), 1995, Quaternary geology along the
boundary between the Modoc Plateau, Southern Cascade
Mountains, and Northern Sierra Nevada: Guidebook for
the Friends of the Pleistocene—1995 Pacific cell field
trip, October 6-9, 1995, accessed November 2014,
http://www.fop.cascadiageo.org/pacific_cell/1995/fop_pac_
cell 1995 guidebook.pdyf.

Parker, D.R., Seyfferth, A.L., and Reese, B.K., 2008,
Perchlorate in groundwater: A synoptic survey of “pristine”
sitesin the coterminous United States: Environmental
Science & Technology, v. 42, no. 5, p. 1465-1471,
http://dx.doi.org/10.1021/es7021957.

Piper, A.M., 1944, A graphic procedure in the geochemical
interpretation of water-analyses: EOS, Transactions
American Geophysical Union, v. 25, no. 6, p. 914—

923, http://onlinelibrary.wiley.com/doi/10.1029/
TR025i006p00914/abstract.

Planert, Michael, and Williams, J.S., 1995, Ground water atlas
of the United States—California, Nevada: U.S. Geological
Survey Hydrologic Investigations Atlas HA 730-B,
http://pubs.usgs.gov/ha/ha730/ch_b/index.html.

Plumas County Flood Control and Conservation District,
2007, Lake Almanor watershed assessment report: Redding,
Cdlifornia, Earthworks Restoration Inc. and Ch2MHill,
http://www.sierrainstitute.us/documents/AlmanorWA_Final.

pdf.

Poeschel, K.R., Rowe, T.G., and Blodgett, J.C.,
1986, Water-resources data for the Mount Shasta
area, northern California: U.S. Geological Survey
Open-File Report 8665, 73 p.,
http://pubs.er.usgs.gov/publication/ofr8665.

PRISM Climate Group, 2010, United States average annual
precipitation, maximum and minimum temperature,
1971-2009: Oregon State University, accessed January 14,
2011, http://prism.oregonstate.edu/.

Prytulak, J., Nielsen, S.G., lonov, D.A., Halliday, A.N.,
Harvey, J., Kelley, K.A., Niu, Y.L., Peate, D.W.,
Shimizu, K., and Sims, K.W.W., 2013, The stable vanadium
isotope composition of the mantle and mafic lavas: Earth
and Planetary Science Letters, v. 365, p. 177-189,
http://dx.doi.org/10.1016/j.epsl.2013.01.010.


http://www.waterboards.ca.gov/gama/docs/cas_llnl_no_sacval_volcanics.pdf
http://www.waterboards.ca.gov/gama/docs/cas_llnl_no_sacval_volcanics.pdf
http://pubs.er.usgs.gov/publication/ofr20051188
http://water.usgs.gov/lookup/getspatial?nlcde92
http://nadp.sws.uiuc.edu/NTN/ntnData.aspx
http://www.nap.edu/catalog/12072/hydrology-ecology-and-fishes-of-the-klamath-river-basin
http://www.nap.edu/catalog/12072/hydrology-ecology-and-fishes-of-the-klamath-river-basin
http://www.nap.edu/catalog/12072/hydrology-ecology-and-fishes-of-the-klamath-river-basin
http://pubs.er.usgs.gov/publication/ofr5873
http://dx.doi.org/10.1021/es0113854
http://www.waterboards.ca.gov/northcoast/water_issues/programs/wpc/wpc.pdf
http://www.waterboards.ca.gov/northcoast/water_issues/programs/wpc/wpc.pdf
http://www.swrcb.ca.gov/northcoast/water_issues/programs/tmdls/shasta_river/060707/finalshastatmdlactionplan.pdf
http://www.swrcb.ca.gov/northcoast/water_issues/programs/tmdls/shasta_river/060707/finalshastatmdlactionplan.pdf
http://specialpapers.gsapubs.org/content/447
http://www.fop.cascadiageo.org/pacific_cell/1995/fop_pac_cell_1995_guidebook.pdf
http://www.fop.cascadiageo.org/pacific_cell/1995/fop_pac_cell_1995_guidebook.pdf
http://dx.doi.org/10.1021/es7021957
http://onlinelibrary.wiley.com/doi/10.1029/TR025i006p00914/abstract
http://onlinelibrary.wiley.com/doi/10.1029/TR025i006p00914/abstract
http://pubs.usgs.gov/ha/ha730/ch_b/index.html
http://www.sierrainstitute.us/documents/AlmanorWA_Final.pdf
http://www.sierrainstitute.us/documents/AlmanorWA_Final.pdf
http://pubs.er.usgs.gov/publication/ofr8665
http://prism.oregonstate.edu/
http://dx.doi.org/10.1016/j.epsl.2013.01.010

Rajagopalan, Srinath, Anderson, Todd, Cox, Stephen,
Harvey, Greg, Cheng, Qiugiong, and Jackson, W.A., 2009,
Perchlorate in wet deposition across North America:
Environmental Science & Technology, v. 43, no. 3,

p. 616622, http://dx.doi.org/10.1021/es801737u.

Rao, Balgji, Anderson, T.A., Orris, G.J., Rainwater, K.A.,
Rajagopalan, Srinath, Sandvig, R.M., Scanlon, B.R.,
Stonestrom, D.A., Walvoord, M.A., and Jackson, W.A .,
2007, Widespread natural perchlorate in unsaturated
zones of the southwest United States: Environmental
Science & Technology, v. 41, no. 13, p. 4522-4528,
http://dx.doi.org/10.1021/es062853i.

Righter, K., Leeman, W.P, and Hervig, R.L., 2006,
Partitioning of Ni, Co, and V between spinel-structured
oxides and silicate melts: Importance of spinel
composition: Chemical Geology, v. 227, no. 1-2, p. 1-25,
http://dx.doi.org/10.1016/j.chemgeo.2005.05.011.

Rose, T.P, Davisson, M.L., and Criss, R.E., 1996, Isotope
hydrology of voluminous cold springsin fractured rock
from an active volcanic region, northeastern California:
Journal of Hydrology, v. 179, no. 1-4, p. 207-236,
http://dx.doi.org/10.1016/0022-1694(95)02832-3.

Rose, T.P, Davisson, M.L., Hudson, G.B., and Varian, A.R.,
1997, Environmental isotope investigation of groundwater
flow in the Honey Lake basin, California and Nevada:
Lawrence Livermore National Laboratory, DOE contract
W-7405-Eng-48, hitp://dx.doi.org/10.2172/620597.

Rowe, B.L., Toccalino, PL., Moran, M.J., Zogorski, J.S., and
Price, C.V., 2007, Occurrence and potential human-health
relevance of volatile organic compoundsin drinking water
from domestic wellsin the United States: Environmental
Health Perspectives, v. 115, no. 11, p. 1539-1546,
http://dx.doi.org/10.1289/ehp.10253.

Saucedo, G.J., Bedford, D.R., Raines, G.L., Miller, R.J., and
Wentworth, C.M., 2000, GI S data for the geologic map of
California: California Department of Conservation, Division
of Mines and Geology, CD-ROM 2000-007.

Scott, J.C., 1990, Computerized stratified random site-
selection approaches for design of a ground-water-quality
sampling network: U.S. Geologica Survey Water-
Resources | nvestigations Report 904101, 109 p.,
http://pubs.er.usgs.gov/publication/wri904101.

Shelton, J.L., Fram, M.S., and Belitz, Kenneth, 2013,
Groundwater-quality datain the Cascade Range and Modoc
Plateau study unit, 2010—Results from the California
GAMA Program: U.S. Geological Survey Data Series 688,
123 p., http://pubs.er.usgs.gov/publication/ds688.

References Cited 85

Smedley, PL., and Kinniburgh, D.G., 2002, A review of the
source, behaviour, and distribution of arsenic in natural
waters: Applied Geochemistry, v. 17, no. 5, p. 517-568,
http://dx.doi.org/10.1016/S0883-2927(02)00018-5.

State of California, 1999, Supplemental report of the 1999
Budget Act 199900 Fiscal Year, Item 3940-001-0001,
State Water Resources Control Board, accessed July, 2014,
http://www.lao.ca.gov/1999/99-00 supp rpt_lang.
html#3940.

State of California, 2001a, Assembly Bill No. 599,
Chapter 522, accessed August 11, 2010,
http: /mww.water boards.ca.gov/iwater _issues/programs/
gama/docs/ab 599 bill 20011005 chaptered.pdf.

State of California, 2001b, Groundwater Monitoring Act of
2001: California State Water Code, division 6, part 2.76,
sections 10780-10782.3, accessed March 2014,
http://www.leginfo.ca.gov/cgi-bin/displaycode?section=wat
&group=10001-11000&file=10780-10783.

Stollenwerk, K.G., 2003, Geochemical processes controlling
transport of arsenic in groundwater, A review of adsorption,
in Welch, A.H., and Stollenwerk, K.G., eds., Arsenicin
groundwater, Geochemistry and occurrence: Boston,
Massachusettes, Kluwer Academic Publishers, p. 67—-100.

Stumm, Werner, and Morgan, J.J., 1996, Aquatic chemistry,
Chemical equilibriaand ratesin natural waters: New York,
John Wiley & Sons, 1022 p.

Thomas, JM., Welch, A.H., Lico, M.S., Hughes, J.L., and
Whitney, Rita, 1993, Radionuclides in ground water of the
Carson River Basin, western Nevada and eastern California,
U.S.A.: Applied Geochemistry, v. 8, no. 5, p. 447471,
http://dx.doi.org/10.1016/0883-2927(93)90075-R.

Toccalino, PL., and Norman, J.E., 2006, Health-
based screening levelsto evaluate U.S. Geological
Survey ground water quality data: Risk Analysis,

V. 26, no. 5, p. 13391348,
http.//dx.doi.org/10.1111/j.1539-6924.2006.00805.x.

Toccalino, PL., Norman, J.E., Phillips, R.H.,
Kauffman, L.J., Stackelberg, PE., Nowell, L.H.,
Krietzman, S.J., and Post, G.B., 2004, Application of
health-based screening levels to ground-water quality
datain a state-scale pilot effort: U.S. Geological Survey
Scientific Investigations Report 2004-5174, 64 p.,
http://pubs.er.usgs.gov/publication/sir20045174.

Toccalino, PL., Norman, J.E., and Hitt, K.J., 2010,
Quiality of source water from public-supply wellsin
the United States, 1993—-2007: U.S. Geological Survey
Scientific Investigations Report 2010-5024, 126 p.,
http://pubs.er.usgs.gov/publication/sir20105024.


http://dx.doi.org/10.1021/es801737u
http://dx.doi.org/10.1021/es062853i
http://dx.doi.org/10.1016/j.chemgeo.2005.05.011
http://dx.doi.org/10.1016/0022-1694(95)02832-3
http://dx.doi.org/10.2172/620597
http://dx.doi.org/10.1289/ehp.10253
http://pubs.er.usgs.gov/publication/wri904101.
http://pubs.er.usgs.gov/publication/ds688
http://dx.doi.org/10.1016/S0883-2927(02)00018-5
http://www.lao.ca.gov/1999/99-00_supp_rpt_lang.html#3940
http://www.lao.ca.gov/1999/99-00_supp_rpt_lang.html#3940
http://www.waterboards.ca.gov/water_issues/programs/gama/docs/ab_599_bill_20011005_chaptered.pdf
http://www.waterboards.ca.gov/water_issues/programs/gama/docs/ab_599_bill_20011005_chaptered.pdf
http://www.leginfo.ca.gov/cgi-bin/displaycode?section=wat&group=10001-11000&file=10780-10783
http://www.leginfo.ca.gov/cgi-bin/displaycode?section=wat&group=10001-11000&file=10780-10783
http://dx.doi.org/10.1016/0883-2927(93)90075-R
http://dx.doi.org/10.1111/j.1539-6924.2006.00805.x
http://pubs.er.usgs.gov/publication/sir20045174
http://pubs.er.usgs.gov/publication/sir20105024

86 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

Todd, D.K., and Mays, L.W., 2005, Groundwater Hydrology,
39 ed.: New York, John Wiley & Sons, 636 p.

United Nations Educational, Scientific, and Cultural
Organization (UNESCO), 1979, Map of the world
distribution of arid regions, Explanatory note: Man and the
Biosphere (MAB) Technical Notes, v. 7, 42 p.

United Nations Environment Programme, 1997, World Atlas
of desertification, 2d ed.: London, Edward Arnold, 182 p.

U.S. Census Bureau, 1990, Census of population and
housing, summary tape file 3A, accessed August 11,
2011, fip://fip2.census.gov/census_1990/.

U.S. Centersfor Disease Control and Prevention and
U.S. Department of Housing and Urban Development,
2006, Chapter 8: Rural water supplies and water-quality
issues, in Health Housing Reference Manual: Atlanta,
U.S. Department of Health and Human Services,
http: //mww.cdc.gov/nceh/publications/books/housing/
housing _ref manual 2012.pdf.

U.S. Department of Agriculture, 2007, USDA 2007 Census of
Agriculture, county profiles for Shasta, Siskiyou, Modoc,
and Lassen Counties, California, accessed February, 2014,
http://www.agcensus.usda.gov/Publications/2007/Online
Highlights/County Profiles/California/.

U.S. Environmental Protection Agency, 1986, Guidelines
for the health risk assessment of chemical mixtures:
U.S. Environmental Protection Agency, Office of
Research and Development, Risk Assessment Forum

EPA/630/R-98/002, September 1986, 29 p., http://Amww.epa.

gov/raf/publications/pdfs/CHEMMIX 1986.PDF.

U.S. Environmental Protection Agency, 1998, Announcement
of the drinking water contaminant candidate list,
accessed January 2014, https.://www.federalregister.
gov/articles/1998/03/02/98-53 13/announcement-of-the-
drinking-water-contaminant-candidate-list.

U.S. Environmental Protection Agency, 1999a, Proposed
radon in drinking water regulation, accessed January 10,
2012, http://water.epa.gov/lawsregs/r ul esregs/sdwalradon/

regulations.cfm.

U.S. Environmental Protection Agency, 1999b, A review
of contaminant occurrence in public water systems:
U.S. Environmental Protection Agency, Office of
Water EPA 816-R-99-006, November 1999, 78 p.,

http://www.epa.gov/safewater/occur/occur.html.

U.S. Environmental Protection Agency, 2000, National
primary drinking water regulations; radionuclides; final
rule, accessed January 2014, https://www.federalregister.
gov/articles/2000/12/07/00-3042 1 /national-primary-
drinking-water-regulations-radionuclides-final-rule.

U.S. Environmental Protection Agency, 2005a, Drinking
water contaminant candidate list 2, Final notice,
accessed January 2014, https.//www.federalregister.gov/
articles/2005/02/24/05-3527/drinking-water-contaminant-
candidate-list-2-final-notice.

U.S. Environmental Protection Agency, 2005b, List of
known perchlorate releasesin the U.S., March 25, 2005,
accessed November 2007, http: //mww.cluin.org/download/
contaminantfocus/perchlorate/detect0305.pdf.

U.S. Environmental Protection Agency, 2008, Drinking water
health advisory for Boron: U.S. Environmental Protection
Agency 822-R-08-013, 53 p., http://www.epa.gov/safewater/
ccl/pdfs/reg determine2/healthadvisory ccl2-reg2 boron.
pdf.

U.S. Environmental Protection Agency, 2009a, National
primary drinking water regulations. EPA 816-F-09-004,
accessed January 2013, http://water.epa.gov/drink/
contaminants/upload/mcl-2.pdf.

U.S. Environmental Protection Agency, 2009b, Drinking water
contaminant candidate list 3-Final, accessed January 2014,
https://www.federalregister.gov/articles/2009/10/08/
E9-24287/drinking-water-contaminant-candidate-list-3-
final.

U.S. Environmental Protection Agency, 2010, Arsenicin
drinking water, accessed December 2010, http://water.epa.
gov/lawsregs/rulesregs/sdwa/arsenic/index.cfm.


ftp://ftp2.census.gov/census_1990/
http://www.cdc.gov/nceh/publications/books/housing/housing_ref_manual_2012.pdf
http://www.cdc.gov/nceh/publications/books/housing/housing_ref_manual_2012.pdf
http://www.agcensus.usda.gov/Publications/2007/Online_Highlights/County_Profiles/California/
http://www.agcensus.usda.gov/Publications/2007/Online_Highlights/County_Profiles/California/
http://www.epa.gov/raf/publications/pdfs/CHEMMIX_1986.PDF
http://www.epa.gov/raf/publications/pdfs/CHEMMIX_1986.PDF
https://www.federalregister.gov/articles/1998/03/02/98-5313/announcement-of-the-drinking-water-contaminant-candidate-list
https://www.federalregister.gov/articles/1998/03/02/98-5313/announcement-of-the-drinking-water-contaminant-candidate-list
https://www.federalregister.gov/articles/1998/03/02/98-5313/announcement-of-the-drinking-water-contaminant-candidate-list
http://water.epa.gov/lawsregs/rulesregs/sdwa/radon/regulations.cfm
http://water.epa.gov/lawsregs/rulesregs/sdwa/radon/regulations.cfm
http://www.epa.gov/safewater/occur/occur.html
https://www.federalregister.gov/articles/2000/12/07/00-30421/national-primary-drinking-water-regulations-radionuclides-final-rule
https://www.federalregister.gov/articles/2000/12/07/00-30421/national-primary-drinking-water-regulations-radionuclides-final-rule
https://www.federalregister.gov/articles/2000/12/07/00-30421/national-primary-drinking-water-regulations-radionuclides-final-rule
https://www.federalregister.gov/articles/2005/02/24/05-3527/drinking-water-contaminant-candidate-list-2-final-notice
https://www.federalregister.gov/articles/2005/02/24/05-3527/drinking-water-contaminant-candidate-list-2-final-notice
https://www.federalregister.gov/articles/2005/02/24/05-3527/drinking-water-contaminant-candidate-list-2-final-notice
http://www.cluin.org/download/contaminantfocus/perchlorate/detect0305.pdf
http://www.cluin.org/download/contaminantfocus/perchlorate/detect0305.pdf
http://www.epa.gov/safewater/ccl/pdfs/reg_determine2/healthadvisory_ccl2-reg2_boron.pdf
http://www.epa.gov/safewater/ccl/pdfs/reg_determine2/healthadvisory_ccl2-reg2_boron.pdf
http://www.epa.gov/safewater/ccl/pdfs/reg_determine2/healthadvisory_ccl2-reg2_boron.pdf
http://water.epa.gov/drink/contaminants/upload/mcl-2.pdf
http://water.epa.gov/drink/contaminants/upload/mcl-2.pdf
https://www.federalregister.gov/articles/2009/10/08/E9-24287/drinking-water-contaminant-candidate-list-3-final
https://www.federalregister.gov/articles/2009/10/08/E9-24287/drinking-water-contaminant-candidate-list-3-final
https://www.federalregister.gov/articles/2009/10/08/E9-24287/drinking-water-contaminant-candidate-list-3-final
http://water.epa.gov/lawsregs/rulesregs/sdwa/arsenic/index.cfm
http://water.epa.gov/lawsregs/rulesregs/sdwa/arsenic/index.cfm

U.S. Environmental Protection Agency, 2011, Regulatory
determinations for the third drinking water contaminant
candidate list, accessed July 2014, http://water.epa.
gov/scitech/drinkingwater/dws/ccl/upload/Preliminary-
Regulatory-Determinations-3-June-16th-Public-Meeting-
Slides.pdf.

U.S. Environmental Protection Agency, 2012, 2012 Edition of

the drinking water standards and health advisories, accessed

January 2014, http://water.epa.gov/action/advisories/
drinking/upload/dwstandards2012.pdf.

U.S. Geological Survey, 2005, Mineral Resources Data
System (MRDS): U.S. Geological Survey online spatial
data, accessed August 2011, http://tin.er.usgs.gov/mrds/.

Wanty, R.B., and Goldhaber, M.B., 1992,
Thermodynamics and kinetics of reactions involving
vanadium in natural systems, Accumulation of
vanadium in sedimentary rocks: Geochimica et
CosmochimicaActa, v. 56, no. 4, p. 1471-1483,
http://dx.doi.org/10.1016/0016-7037(92)90217-7.

Webster, J.G., and Nordstrom, D.K ., 2003, Geothermal
arsenic, in Welch, A.H., and Stollenwerk, K.G., eds,,
Arsenic in ground water: Geochemistry and occurrence:
Boston, Massachusettes, Kulwer Academic Publishers,
p. 101-126.

Welch, A.H., and Lico, M.S., 1998, Factors controlling As
and U in shallow ground water, southern Carson Desert,
Nevada: Applied Geochemistry, v. 13, no. 4, p. 521-539,
http.//dx.doi.org/10.1016/S0883-2927(97)00083-8.

Welch, A.H., and Stollenwerk, K.G., eds., 2003, Arsenicin
ground water, Geochemistry and occurrence: Springer,
475 p.

Welch, A.H., Lawrence, S.J,, Lico, M.S., Thomas, JM., and
Schaefer, D.H., 1997, Ground-water quality assessment
of the Carson River basin, Nevada and Californig;
Results of investigations, 1987-91: U.S. Geological
Survey Water Supply Paper 2356-A, 93 p.,
http://pubs.er.usgs.gov/publication/wsp2356A.

References Cited 87

Welch, A.H., Westjohn, D.B., Helsel, D.R., and
Wanty, R.B., 2000, Arsenic in ground water of
the United States, Occurrence and geochemistry:
Groundwater, v. 38, no. 4, p. 589-604,
http://dx.doi.org/10.1111/j.1745-6584.2000.tb00251 .x.

Welch, A.H., Oremland, R.S,, Davis, JA., and
Watkins, S.A., 2006, Arsenic in ground water, A review of
current knowledge and relation to the CALFED solution
area with recommendations for needed research: San
Francisco Estuary & Weatershed Science, v. 4, no. 2, 32 p.,
http://escholarship.org/uc/item/8342704q.

Wollenberg, H.A., and Smith, A.R., 1968, Radiogeologic
studiesin the central part of the Sierra Nevada batholiths,
Cadlifornia: Journal of Geophysical Research, v. 73, no. 4,
p. 14811495, htip.//dx.doi.org/10.1029/JB073i004p01481.

Wood, C.A., and Kienle, Juergen, eds., 1990, Vol canoes of
North America, United States and Canada: New York,
Cambridge University Press, 354 p.

Wormald, B., 1968, Honey Lake water quality investigation:
Department of Water Resources, State of California
Memorandum dated June 14, 1968, 26 p., accessed
December 2014, http://www.water.ca.gov/pubs/
waterquality/honey lake water quality_investigation/
honeylake.pdf.

Wright, M.T., and Belitz, Kenneth, 2010, Factors
controlling the regional distribution of vanadiumin
groundwater: Groundwater, v. 48, no. 4, p. 515-525,
http.//dx.doi.org/10.1111/j.1745-6584.2009.00666.x.

Zogorski, J.S., Carter, J.M., Ivahnenko, Tamara,
Lapham, W.W., Moran, M.J., Rowe, B.L., Squillace, P.J,,
and Toccalino, PL., 2006, Volatile organic compounds
in the Nation’s ground water and drinking-water supply
wells: U.S. Geological Survey Circular 1292, 101 p.,
http://pubs.er.usgs.gov/publication/ciri292.


http://water.epa.gov/scitech/drinkingwater/dws/ccl/upload/Preliminary-Regulatory-Determinations-3-June-16th-Public-Meeting-Slides.pdf
http://water.epa.gov/scitech/drinkingwater/dws/ccl/upload/Preliminary-Regulatory-Determinations-3-June-16th-Public-Meeting-Slides.pdf
http://water.epa.gov/scitech/drinkingwater/dws/ccl/upload/Preliminary-Regulatory-Determinations-3-June-16th-Public-Meeting-Slides.pdf
http://water.epa.gov/scitech/drinkingwater/dws/ccl/upload/Preliminary-Regulatory-Determinations-3-June-16th-Public-Meeting-Slides.pdf
http://water.epa.gov/action/advisories/drinking/upload/dwstandards2012.pdf
http://water.epa.gov/action/advisories/drinking/upload/dwstandards2012.pdf
http://tin.er.usgs.gov/mrds/
http://dx.doi.org/10.1016/0016-7037(92)90217-7
http://dx.doi.org/10.1016/S0883-2927(97)00083-8
http://pubs.er.usgs.gov/publication/wsp2356A
http://dx.doi.org/10.1111/j.1745-6584.2000.tb00251.x
http://escholarship.org/uc/item/8342704q
http://dx.doi.org/10.1029/JB073i004p01481
http://www.water.ca.gov/pubs/waterquality/honey_lake_water_quality_investigation/honeylake.pdf
http://www.water.ca.gov/pubs/waterquality/honey_lake_water_quality_investigation/honeylake.pdf
http://www.water.ca.gov/pubs/waterquality/honey_lake_water_quality_investigation/honeylake.pdf
http://dx.doi.org/10.1111/j.1745-6584.2009.00666.x
http://pubs.er.usgs.gov/publication/cir1292.

88 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

Appendix A: Attribution of Potential Explanatory Factors

The 90 U.S. Geological Survey (USGS)-grid wells
(figs. A14—-G) were attributed with values for the following
potential explanatory factors: aquifer lithology and study
area, land use, densities of leaking (or formerly leaking)
underground storage tanks and septic tanks, hydrologic
conditions, well depth, groundwater age, and geochemical
conditions. These factors were assumed to be the ones most
likely to have causative relations with the concentrations of
water-quality constituents in the groundwater.

Aquifer Lithology and Study Area

Agquifer lithology was classified on the basis of lithologic
information from California Departement of Water Resources
(CDWR) well completion reports and on the California State
geologic map (Jennings, 1977; Saucedo and others, 2000).
The State geologic map shows the lithologic unit exposed
at the surface, which may not be the same as the lithologic
unit at the depth range over which the well is screened or
open. Therefore, if the lithologic category estimated from the
geologic map disagreed with the lithology described in the
CDWR well completion report, the category from the CDWR
well completion report was used. The 90 wells sampled by
Groundwater Ambient Monitoring and Assessment Program
(USGS-GAMA) have screened or open intervalsin 11 of the
66 geologic units defined on the California State geologic map
(Jennings, 1977; Saucedo and others, 2000). These geologic
units were grouped into four lithologic categories on the basis
of rock type and age:

» G: Mesozoic granitic rocks (California State geologic
map unit grMz).

e M: Mesozoic and Paleozoic metamorphic and marine
sedimentary rocks. Metamorphic rocks are not exposed
at the surface in the CAMP study unit, however,
lithologic descriptionsin CDWR well completion
reports indicate that four wellsin the SH study area
have screened or open intervals in metamorphic rocks
below the surface (fable A1). The part of the Klamath
Mountains adjacent to these four wells is mapped on
the State geologic map as the following geologic units;

m, undivided Mesozoic, Paleozoic, and Precambrian
metavol canic and metasedi mentary rocks; Ku,
Mesozoic marine sedimentary and metasedimentary
rocks; and SO, Paleozoic marine sedimentary and
metasedimentary rocks.

» S Cenozoic sedimentary deposits, all of which are
Quaternary age non-marine sedimentary deposits,
including aluvial, consolidated alluvium, and sand
dune sediments (California State geologic map units
Q, QPc, and Qs). These deposits consist of Holocene
age aluvia (Q) and eolian (Qs) deposits, and Plio-
Pleistocene and Pliocene aluvia (QPc) deposits.
The alluvial deposits include alluvial fan, fluvial, and
lacustrine sediments.

¢ V: Cenozoic volcanic rocks. The Tertiary lava flows
(Tv) and pyroclasic deposits (Tvp) are primarily
Miocene and Pliocene in age, and the Quaternary lava
flows are Pleistocene (Qv) and Holocene (Qrv) in age.

Geologic timeisdivided into four eras: Cenozoic
(65.5 Mato present), Mesozoic (251 Mato 65.5 Ma),
Paleozoic (542 Mato 251 Ma), and Precambrian
(approximately 3,900 Mato 542 Ma) (Walker and Geissman,
2009). The Cenozoic Era consists of the Tertiary (65.5 Ma
to 2.6 Ma) and Quaternary (2.6 Mato present) periods.

The Tertiary period consists of the Paleocene (65.5 Mato
55.8 Ma), Eocene (55.8 Mato 33.9 Ma), Oligocene (33.9 Ma
to 23.0 Ma), Miocene (23.0to 5.3 Ma), and Pliocene (5.3 Ma
to 2.6 Ma) epochs. The Quaternary period consists of the
Pleistocene (2.6 Mato 10 ka) and Holocene (10 ka to present)
epochs.

The lithologic categories assigned to the USGS-grid
wellsarelisted in table A1: GS, 3wells, MS, 3wells; M,
1well; S, 18 wells; V, 47 wells; VM, 1 well; and VS, 17 wells.
Wells assigned to two categories (GS, MS, VM, or VS) have
screened or open intervalsin two different lithologic units.
The CAMP study unit was divided into six study areas on
the basis of geologic characteristics to investigate potential
differencesin groundwater quality among these geologically
distinct aquifer systems.
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Table A1. Land use percentages, septic-tank density, underground storage tank density and geology classification for U.S. Geological
Survey (USGS)-grid wells, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and
Assessment Program (GAMA) Priority Basin Project.

[Well identification numbers: ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study area; LU, Cascade Range and Modoc Plateau Low-
Use Basins study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta \Volcanic Area study area; TV, Tertiary Volcanic Areas
study area. Aquifer lithology class: G, granitic rocks, M, metamorphic rocks; S, sedimentary deposits; V, volcanic rocks. Other abbreviations: tanks/kn??,
number of tanks per square kilometer; UST, leaking or formerly leaking underground-storage tank; WCR, well completion report]

Well Geology classification’ Land-use percentages’ . - »
identification Aquifer Agricultural Natural Septic density®  UST density
' tanks/km? tanks/km?

number lithology class Source of data (percent) (percent) Urban (percent)  ( ) ( )

Sacramento Valley Eastside study area

CAMP-ES-01 \ WCR 0 44 56 112 0.06
CAMP-ES-02 \Y WCR 0 36 64 39.8 0.04
CAMP-ES-03 Y, field 0 92 8 0.4 0.00
CAMP-ES-04 S WCR 21 58 21 4.7 0.01
CAMP-ES-05 S WCR 0 0 100 256 0.87
CAMP-ES-06 Y, WCR 0 99 1 31 0.01
CAMP-ES-07 \% WCR 0 99 1 04 0.00
CAMP-ES-08 Y WCR 0 100 0 0.4 0.00
CAMP-ES-09 VS WCR 0 100 0 17 0.02
CAMP-ES-10 S WCR 0 100 0 4.0 0.04
CAMP-ES-11 Vv WCR 0 92 8 2.9 0.01
CAMP-ES-12 VS WCR 0 76 24 17 0.02
CAMP-ES-13 VS map 0 100 0 17 0.02
CAMP-ES-14 VS map 0 100 0 17 0.02
CAMP-ES-15 Vv WCR 5 61 34 17 0.03
Honey Lake Valley study area
CAMP-HL-01 S WCR 0 100 0 0.4 0.00
CAMP-HL-02 GS WCR 2 93 5 2.2 0.01
CAMP-HL-03 S map 27 43 30 17 0.01
CAMP-HL-04 S WCR 63 14 23 4.2 0.01
CAMP-HL-05 S WCR 27 42 31 4.2 0.01
CAMP-HL-06 S WCR 37 54 9 4.2 0.00
CAMP-HL-07 S WCR 4 94 2 13 0.00
CAMP-HL-08 S WCR 12 88 0 11 0.00
CAMP-HL-09 S WCR 0 12 58 0.0 0.00
CAMP-HL-10 S WCR 0 66 34 0.0 0.00
CAMP-HL-11 S WCR 27 52 21 13 0.00
CAMP-HL-12 GS WCR 1 69 30 0.7 0.00
CAMP-HL-13 GS map 0 100 0 11 0.00
CAMP-HL-14 S map 36 64 0 11 0.00
CAMP-HL-15 S WCR 1 63 36 05 0.00
Cascade Range and Modoc Plateau Low-Use Basins study area
CAMP-LU-01 \% WCR 44 10 46 0.2 0.61
CAMP-LU-02 Vv WCR 64 1 36 0.2 0.00
CAMP-LU-03 VS WCR 0 13 87 12 0.00
CAMP-LU-04 S WCR 38 20 43 04 0.00

CAMP-LU-05 VS WCR 40 7 53 12 1.82
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number lithology class Source of data’ (percent) (percent) Urban (percent) {tanks/km’) {tanks/km’)
Cascade Range and Modoc Plateau Low-Use Basins study area—Continued
CAMP-LU-06 \ WCR 55 19 26 0.1 0.00
CAMP-LU-07 \% WCR 72 4 24 0.2 0.01
CAMP-LU-08 VS map 0 96 4 0.1 0.02
CAMP-LU-09 VS map 24 75 1 0.2 0.00
CAMP-LU-10 VS map 1 78 21 0.1 0.05
CAMP-LU-11 VS map 27 44 29 0.2 0.00
CAMP-LU-12 \ WCR 0 87 13 13 0.00
CAMP-LU-13 S WCR 13 42 46 0.2 0.00
CAMP-LU-14 VS WCR 0 93 7 0.7 0.00
CAMP-LU-15 VS map 0 73 27 19 0.01
Quaternary Volcanic area study area
CAMP-QV-01 Y, field 0 100 0 0.0 0.00
CAMP-QV-02 \ field 0 100 0 0.1 0.02
CAMP-QV-03 \% map 0 93 7 0.1 0.00
CAMP-QV-04 VS WCR 0 100 0 0.1 0.05
CAMP-QV-05 \ map 0 17 83 39.1 0.00
CAMP-QV-06 \% map 1 87 11 12 0.04
CAMP-QV-07 Y, WCR 0 97 3 0.3 0.01
CAMP-QV-08 \ WCR 0 66 34 05 0.00
CAMP-QV-09 \% field 0 84 16 1.0 0.00
CAMP-QV-10 \ WCR 0 100 0 11 0.01
CAMP-QV-11 \ WCR 0 62 38 18 0.00
CAMP-QV-12 VS WCR 0 100 0 15 0.00
CAMP-QV-13 Y, WCR 0 100 0 0.7 0.01
CAMP-QV-14 \ WCR 0 100 0 0.4 0.00
CAMP-QV-15 \% WCR 0 95 5 14 0.00
Shasta Valley and Mount Shasta Volcanic Area study area
CAMP-SH-01 M WCR 0 45 55 6.3 0.29
CAMP-SH-02 \% WCR 1 81 18 12 0.02
CAMP-SH-03 MS map 55 43 2 1.6 0.01
CAMP-SH-04 \Y WCR 0 84 16 21 0.01
CAMP-SH-05 Y field 0 100 0 18 0.36
CAMP-SH-06 S WCR 0 7 93 18.8 0.62
CAMP-SH-07 \ field 0 100 0 19 0.03
CAMP-SH-08 \% map 15 74 11 11 0.02
CAMP-SH-09 MS WCR 14 63 23 24 0.02
CAMP-SH-10 VS WCR 0 97 3 13 0.02
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Well Geology classification' Land-use percentages’ . i .
identification Aquifer Agricultural Natural Septic dens;ty:‘ usT de"8|t2y4
number lithology class Source of data’ (percent) (percent) Urban (percent) {tanks/km’) {tanks/km’)
Shasta Valley and Mount Shasta Volcanic Area study area—Continued
CAMP-SH-11 VS map 75 22 3 13 0.02
CAMP-SH-12 \% map 37 63 0 0.8 0.01
CAMP-SH-13 Y field 93 0 13 0.01
CAMP-SH-14 \ WCR 0 98 2 11 0.01
CAMP-SH-15 MS map 90 10 1 33 0.02
Tertiary Volcanic Areas study area
CAMP-TV-01 \Y map 24 76 0 0.6 0.00
CAMP-TV-02 Vv map 0 100 0 0.3 0.00
CAMP-TV-03 Y field 0 100 0 18 0.01
CAMP-TV-04 \Y map 19 81 0 0.3 0.00
CAMP-TV-05 \% WCR 2 72 26 0.1 0.00
CAMP-TV-06 \Y WCR 0 94 6 10.8 0.02
CAMP-TV-07 \ WCR 0 100 0 0.0 0.00
CAMP-TV-08 Vv map 0 96 4 13 0.00
CAMP-TV-09 VS WCR 0 73 27 18.4 0.03
CAMP-TV-10 \ map 0 66 34 57 0.00
CAMP-TV-11 \% WCR 0 88 12 15 0.00
CAMP-TV-12 Vv WCR 0 100 0 12 0.02
CAMP-TV-13 \ map 0 100 0 12 0.02
CAMP-TV-14 \% WCR 0 98 2 12 0.00
CAMP-TV-15 VM WCR 0 98 2 0.5 0.01

IClassification based on lithology of screened or open interval as described in the California Department of Water Resources well completion report (WCR),
if available. For wells without WCRs, lithology was inferred from geologic map of California (Jennings, 1977; Saucedo and others, 2000) and well depth
information, if available (map). For most springs, lithology was estimated from field observations (field). Wells can have screened or open intervals in more than

one lithology.

2L and-use percentages within 500 meters of well site (Johnson and others, 2009).
3Septic-tank density within 500 meters of well site, based on 1990 U.S. Census data.
4Leaking (or formerly leaking) underground-storage tank density within a 500-meter radius of well site (California State Water Resources Control Board,

2007).



Land Use

Land use was classified by using an enhanced version of
the satellite-derived (30-meter pixel resolution), nationwide
USGS National Land Cover Dataset (Nakagaki and others,
2007). This dataset has been used in previous national and
regional studies relating land use to water quality (Gilliom
and others, 2006; Zogorski and others, 2006). The data
represent land use during the early 1990s. About two-thirds
of the Cascade Range and Modoc Plateau (CAMP) study-unit
wells had groundwater classified as mixed or pre-modern age,
indicating presence of groundwater recharged many decades
to perhaps thousands of years ago (see ‘ Well Depth and
Groundwater Age’ section); therefore, land use patterns from
several decades ago were thought more likely to be relevant
to the groundwater samples than current land-use patterns.
The imagery was classified into 25 land-cover classifications
(Nakagaki and Wolock, 2005). For this study, these 25 land-
cover classifications were condensed into 3 principal land-use
categories: urban, agricultural, and natural. Land-use statistics
for the study unit, study areas, and areas within a 500-meter
radius around each well (500-meter buffers) were calculated
for each category by using ArcGIS. Buffers consisting of
a 500-meter radius circle centered on each well have been
shown to be effective at correlating land use with occurrence
of volatile organic compounds (VOCs), pesticides, and nitrate
for the purposes of statistical characterization (for example,
Rupert, 2003; Johnson and Belitz, 2009). L and-use data for
USGS-grid wellsare listed in table Al.

The 25 land-cover classes defined by Nakagaki and
Wolock (2005) were based on features distinguishable
in Level Il remote-sensing data (high-€levation aerial
photography; Anderson and others, 1976). Urban land use
includes high-, moderate-, and low-intensity development and
developed open space. Agricultural land includes cultivated
crops and land used for pasture or hay. Natural land includes
everything else. In this classification, open-range grazing, such
asthat practiced on U.S. Forest Service and U.S. Bureau of
Land Management lands in the Cascade Range and Modoc
Plateau (CAMP) study unit, was classified as natural land, not
agricultural land.

Septic Systems and Underground Storage Tanks

Septic-tank density was determined from housing
characteristics data from the 1990 U.S. Census (U.S. Census
Bureau, 1990). The density of septic tanksin each housing
census block was cal cul ated from the number of tanks and
block area. The density of septic tanks around each well was
then calculated from the area-weighted mean of the block
densities for blocks within a 500-m buffer around the well
location (Tyler Johnson, USGS, written commun., 2009)
(table Al).

The density of leaking or formerly leaking underground
storage tanks (USTs) was determined from the locations
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of tanksin the State Water Resources Control Board's
(SWRCB'’s) GeoTracker database of environmental cleanup
sites (California State Water Resources Control Board,

2007). The density of USTs was calculated by using Theissen
polygons (Tyler Johnson, USGS, written commun., 2007).
The boundaries of the Theissen polygon around a particular
UST was created by bisecting the linear distances between the
UST and all the surrounding USTs. The density of USTsin
the polygon was the number of tanks in the polygon (nearly
always one) divided by the area of the polygon in square
kilometers. A well was assigned the UST density of the
Theissen polygon in which it was located (table A1).

Well Construction Information and Hydrologic
Conditions

Well-construction data were obtained primarily from
CDWR well completion reports. In locations where CDWR
well completion reports were not available, well-construction
data were obtained from ancillary records of well owners
or the USGS National Water Information System database
(http://waterdata.usgs.gov/nwis). Well-identification
verification procedures are described by Shelton and others
(2013). Well depths and depths to the top and bottom of the
screened or open interval for USGS-grid wellsare listed in
table A2. Wells drilled in hard rock commonly do not have
casings; the boreholeis left open. For these wells, the top
of the screened or open interval was defined as the base of
the sanitary seal, and the bottom was defined as the depth of
the well. Springs were not assigned a value for well depth or
depths to top and bottom of the screened or open interval.

Eleven wells had data for well depth, but not for depth
to the bottom of the screened or open interval (table A2). For
these wells, the depth to the bottom of the screened interval
was assumed to be the same as the well depth for statistical
tests and for graphical presentations of the data. Of the
63 wells having data for well depth and depth to the bottom of
the screened or open intervals, the two depths were equal for
48 of the wells (76 percent).

Wells were classified as production wells or springs,
and production wells were further classified as shallow,
overlapping, or deep wells (table A2). Production wells pump
the groundwater from the aquifer to a distribution system.
WEells with depths less than 200 feet below land surface (ft bls)
were defined as shallow; wells with depth to the top of the
screened or open interval greater than 200 ft bls were defined
as deep; and wells with depth to the top of the screened or
open interval less than 200 ft bls and total depth of greater
than 200 ft bls were defined as overlapping. The name
‘overlapping’ refersto the fact that these wells were screened
or open in both the shallow and deep parts of the primary
aquifer system. Wells were classified as springs if water could
flow from the aquifer into the distribution system without a
pump, and if the well was either drilled horizontally or had no
borehole.


http://waterdata.usgs.gov/nwis
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Table A2. Hydrologic conditions and well construction information for U.S. Geological Survey (USGS)-grid wells, Cascade Range and
Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin
Project.

[Depth class: deep, top of screened or open interval >200 ft; overlapping, top of screened or open interval <200 ft and bottom of screened or open interval
>200 ft; shallow, bottom of screened or open interval <200 ft; unknown, no construction information available for the well. Other abbreviations: >, greater
than; <, less than; ft; feet; LSD, land-surface datum; na, no data available; —, depths not defined for springs]

Hydrologic conditions Well construction
Well
identification Aridity index' Elevation of LSD Well depth Top of screened screz?ltt:gigrotf)pen
number (dimensionless) '(\If:\?’l[))%‘g; Depth class’ (ft below LSD) o(rﬂol:)::;wt:sr\[l)a;l interval
(ft below LSD)*
Eastside Sacramento Valley study area (ES)

CAMP-ES-01 1.35 2,351 Overlapping 400 65 400
CAMP-ES-02 114 1,686 Overlapping 325 60 325
CAMP-ES-03 0.75 2,267 Spring — — —

CAMP-ES-04 0.62 383 Overlapping 475 160 475
CAMP-ES-05 125 1,934 Deep 550 395 525
CAMP-ES-06 1.37 2,602 Deep 930 823 930
CAMP-ES-07 0.83 3,089 Shallow 80 60 80
CAMP-ES-08 0.87 3,328 Deep 386 346 386
CAMP-ES-09 0.99 1,524 Deep 730 500 730
CAMP-ES-10 1.02 1,520 Deep 770 495 760
CAMP-ES-11 1.33 2,306 Deep 480 440 480
CAMP-ES-12 1.28 2,821 Overlapping 995 93 995
CAMP-ES-13 1.16 2,054 Shallow 96 na na

CAMP-ES-14 0.67 413 Overlapping or deep 5>285 na na

CAMP-ES-15 0.62 294 Deep 480 206 470

Honey Lake Valley study area (HL)

CAMP-HL-01 0.19 4,031 Overlapping 300 50 300
CAMP-HL-02 0.38 4,344 Overlapping 240 140 240
CAMP-HL-03 0.36 4,144 Unknown >>180 na na

CAMP-HL-04 0.33 4,097 Overlapping 600 55 600
CAMP-HL-05 0.36 4,139 Shallow 190 190 190
CAMP-HL-06 0.32 4,106 Shallow 56 40 56
CAMP-HL-07 0.21 4,011 Overlapping 200 60 200
CAMP-HL-08 0.20 4,006 Overlapping 208 60 208
CAMP-HL-09 0.22 4,133 Deep 530 220 520
CAMP-HL-10 0.22 4,123 Overlapping or deep 545 na na

CAMP-HL-11 0.23 4,050 Overlapping 225 165 205
CAMP-HL-12 0.26 4,223 Overlapping 246 50 246
CAMP-HL-13 0.41 4,474 Shallow 130 na na

CAMP-HL-14 0.27 4,093 Shallow 102 na na

CAMP-HL-15 0.24 4,058 Shallow 120 110 120

Cascade Range and Modoc Plateau Low-Use Basins study area (LU)

CAMP-LU-01 0.39 4,247 Deep 1,236 840 1,236
CAMP-LU-02 0.29 4,038 Deep 2,664 2,546 2,664
CAMP-LU-03 0.30 4,379 Deep 670 350 670

CAMP-LU-04 0.32 4,666 Overlapping 353 126 350
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Hydrologic conditions and well construction information for U.S. Geological Survey (USGS)-grid wells, Cascade Range and

Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin
Project—Continued

[Depth class: deep, top of screened or open interval >200 ft; overlapping, top of screened or open interval <200 ft and bottom of screened or open interval
>200 ft; shallow, bottom of screened or open interval <200 ft; unknown, no construction information available for the well. Other abbreviations: >, greater
than; <, less than; ft; feet; LSD, land-surface datum; na, no data available; —, depths not defined for springs]

Hydrologic conditions

Well construction

: V-VF" : T Elevation of LSD Top of screened Bottom of
identification Aridity index' s Well depth . screened or open
number (dimensionless) I(\‘f:\;%%‘g;z Depth class (ft below LSD) o(rﬁolf;';wt:sng;l interval
(ft below LSD)*
Cascade Range and Modoc Plateau Low-Use Basins study area (LU)}—Continued

CAMP-LU-05 0.30 4,391 Deep 500 220 500
CAMP-LU-06 0.40 4,317 Overlapping 220 180 220
CAMP-LU-07 0.32 4,259 Shallow 87 59 87
CAMP-LU-08 1.53 4,184 Spring — — —

CAMP-LU-09 0.34 4,400 Overlapping 310 100 310
CAMP-LU-10 0.29 4,052 Overlapping 343 100 338
CAMP-LU-11 0.39 4,225 Shallow 184 na na

CAMP-LU-12 1.11 4,127 Shallow 146 54 146
CAMP-LU-13 0.45 4,124 Shallow 6345 95 110
CAMP-LU-14 0.80 4,549 Overlapping 235 162 222
CAMP-LU-15 0.80 4,528 Deep 371 228 360

Quaternary Volcanic Areas study area (QV)

CAMP-QV-01 1.38 6,887 Spring — — —

CAMP-QV-02 1.74 4,919 Spring — — —

CAMP-QV-03 0.32 5,014 Deep 740 400 740
CAMP-QV-04 0.31 4,090 Deep 325 211 325
CAMP-QV-05 054 3,200 Deep 226 226 226
CAMP-QV-06 0.37 4,197 Deep 5>800 5800 *>800
CAMP-QV-07 0.67 3,258 Deep 300 250 300
CAMP-QV-08 0.48 3,218 Overlapping 244 184 244
CAMP-QV-09 0.81 4,985 Spring — — —

CAMP-QV-10 1.01 2,260 Shallow 174 ivg 174
CAMP-QV-11 0.93 3,338 Shallow 170 110 170
CAMP-QV-12 0.85 2,588 Overlapping 232 3 232
CAMP-QV-13 0.90 2,957 Shallow 184 164 184
CAMP-QV-14 131 4,715 Deep 465 240 465
CAMP-QV-15 1.09 3,728 Shallow 150 22 150

Shasta Valley and Mount Shasta Volcanic Area study area (SH)

CAMP-SH-01 0.48 2,744 Shallow 120 12 120
CAMP-SH-02 0.82 2,952 Overlapping 232 80 232
CAMP-SH-03 0.81 2,779 Shallow 107 na na

CAMP-SH-04 0.90 3,721 Deep 450 200 450
CAMP-SH-05 0.79 3,778 Spring — — —

CAMP-SH-06 1.07 3,684 Deep 328 288 328
CAMP-SH-07 1.32 4,465 Spring — — —

CAMP-SH-08 0.70 3,302 Unknown 5>40 na na
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Table A2. Hydrologic conditions and well construction information for U.S. Geological Survey (USGS)-grid wells, Cascade Range and
Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin
Project—Continued

[Depth class: deep, top of screened or open interval >200 ft; overlapping, top of screened or open interval <200 ft and bottom of screened or open interval
>200 ft; shallow, bottom of screened or open interval <200 ft; unknown, no construction information available for the well. Other abbreviations: >, greater
than; <, less than; ft; feet; LSD, land-surface datum; na, no data available; —, depths not defined for springs]

Hydrologic conditions Well construction
Well
identification Aridity index' Elevation of LSD s Well depth Top of screened screzz::l:rotf)pen
number (dimensionless) I(\‘f:\;%%‘gz Depth class (ft below LSD) o(rﬁolf;';wt:sng;l interval
(ft below LSD)*
Shasta Valley and Mount Shasta Volcanic Area study area (SH)—Continued
CAMP-SH-09 0.55 2,576 Overlapping 230 30 225
CAMP-SH-10 0.71 2,841 Overlapping 309 132 267
CAMP-SH-11 0.65 2,762 Shallow or overlapping 9>52 52 na
CAMP-SH-12 0.47 2,642 Shallow 150 na na
CAMP-SH-13 0.49 2,604 Spring — — —
CAMP-SH-14 1.02 3,844 Shallow 140 120 140
CAMP-SH-15 0.49 2,568 Shallow 121 na na
Tertiary Volcanic Areas study area (TV)
CAMP-TV-01 0.51 2,690 Overlapping 218 175 218
CAMP-TV-02 0.67 2,953 Overlapping or deep >450 na na
CAMP-TV-03 0.68 978 Spring® — — —
CAMP-TV-04 0.83 3,455 Overlapping or deep 290 na na
CAMP-TV-05 0.44 4,266 Deep 300 210 290
CAMP-TV-06 0.90 4,823 Deep 380 305 380
CAMP-TV-07 0.63 6,262 Overlapping 230 50 230
CAMP-TV-08 0.43 5173 Overlapping 200 na na
CAMP-TV-09 0.89 4,564 Overlapping 403 158 400
CAMP-TV-10 0.95 4,551 Overlapping or deep 5>300 na na
CAMP-TV-11 1.60 3,767 Overlapping 202 87 202
CAMP-TV-12 1.79 4321 Overlapping 210 170 210
CAMP-TV-13 1.73 4,220 Shallow 5135 na na
CAMP-TV-14 161 3,284 Shallow 175 155 170
CAMP-TV-15 0.43 2,273 Overlapping 275 54 275

*Aridity index is average annual precipitation divided by average annual evapotranspiration.

2L and-surface datum (LSD) is a datum plane that is approximately at land surface at each well. The elevation of the LSD is described in feet above the North
American Vertical Datum 1988.

3Springs have no vertically drilled hole, and groundwater reaches the surface without a pump. The classes shallow, overlapping, and deep apply to wells.
Depth classis given as ‘ overlapping or deep’ when the well depth is greater than 200 ft, and no data are available for depth to top of screened or open interval.
Depth classis given as ‘ overlapping or shallow’ when depth to top of screened or open interval isless than 200 ft, and no data are available for well depth.

“Eleven wells did not have data for depth to the bottom of the screened or open interval, but did have data for well depth. Well-depth data were used to repre-
sent data for the depth of the bottom of the screened or open interval for these wells for statistical tests and for graphical presentations.

SEstimated from well-owner records; no driller’slog available.

%Driller’slog (1978) givesinitial well depth as 500 ft; well owner provided video log (2005) showing depth of 345 ft.

“Estimated from measurement of well depth by USGS; no driller’slog available.

8Conveyance from the TV-03 spring source to the point of use is an open channel.

Driller’slog (1972) reportsinstallation of sanitary seal to depth of 52 ft. Owner reports hole depth and well depth greater than 52 ft.



The climate at each well site was represented by an
aridity index (United Nations Environment Programme,
1997; United Nations Educational, Scientific, and Cultural
Organization, 1979; table A2):

averagennualprecipitation

aridityindex= —
averagennualevapotranspiratiol

(A1)

Greater values of the index correspond to wetter
conditions. Values less than 0.05 are defined as hyper-arid,
0.05-0.20 as arid, 0.20-0.50 as semi-arid, 0.50-0.65 as dry
sub-humid, 0.65-1.00 as humid, and greater than1.00 as wet.
Average annual precipitation for each well site was extracted
from the PRISM average annual precipitation for 1971-2000
GIS coverage (PRISM Group, Oregon State University,

2007). Average annual evapotranspiration for each well site
was extracted from a GIS coverage modified from Flint and
Flint (2007). The modification consisted of calibrating the
evapotranspiration values to the measured California Irrigation
Management Information System reference evapotranspiration
values (California Irrigation Management Information System,
2005; Alan Flint, California Water Science Center, commun.,
2009).

Elevation of the intersection of the well or spring and the
land surface was used as a proxy for relative position in the
groundwater-flow system. The study unit had a large range
in elevation of well sites—approximately 300 ft to 7,000 ft.
Elevations were obtained from U.S. Geological Survey digita
elevation GIS coverage and are reported in feet relative to
NAVD 88 (table A2).

Groundwater Age Classification

Groundwater dating techniques provide estimates of
the time elapsed since a given parcel of groundwater entered
the saturated zone and was no longer in contact with the
atmosphere. The techniques used in this report to estimate
groundwater residence times or ‘ age’ were those based on
tritium (®H) (for example, Tolstikhin and Kamensky, 1969;
Torgersen and others, 1979), and carbon-14 (*C) activity (for
example, Vogel and Ehhalt, 1963; Plummer and others, 1993).

Tritium (®H) is a short-lived radioactive isotope
of hydrogen with a half-life of 12.32 years (Lucas and
Unterweger, 2000). It is produced naturally in the atmosphere
from the interaction of cosmogenic radiation with nitrogen
(Craig and Lal, 1961), or, anthropogenically, by above-ground
nuclear weapons testing (peak 1952 to 1963, Michel, 1989)
and by the operation of nuclear reactors. Tritium enters the
hydrologic cycle following exchange with protium (*H) in
water to form tritiated water. Above-ground nuclear testing
resulted in alarge increase in tritium values in precipitation,
beginning in about 1952 and peaking in 1963 at values of over
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1,000 tritium units (TU) in the northern hemisphere (Michel,
1989).

Previous investigations have used a range of tritium
valuesfrom 0.2 to 1.0 TU as minimum thresholds for
indicating the presence of water that has been in contact with
the atmosphere since 1952 (Michel, 1989; Plummer and
others, 1993; Michel and Schroeder, 1994; Clark and Fritz,
1997; Manning and others, 2005; Landon and others, 2010).
For samples collected for the CAMP study unit in 2010,
tritium values greater than 0.5 TU were defined as indicating
a predominance of groundwater recharged since 1952. The
threshold value of 0.5 TU was sel ected because background
tritium values in California precipitation at the latitudes
and longitudes corresponding to the CAMP study unit are
approximately 4to 5 TU (Robert Michel, USGS, written
commun., 2012). Radioactive decay of tritium in water with a
tritium value of 5 TU in 1950 would result in atritium value
of 0.2 TU in 2010.

Carbon-14 (¥*C) isawidely used chronometer that is
based on the radiocarbon content of organic and inorganic
carbon. ““C is formed in the atmosphere by the interaction
of cosmic-ray neutrons with nitrogen and, to alesser degree,
with oxygen and carbon. *C is incorporated into carbon
dioxide and mixed throughout the atmosphere. The carbon
dioxide dissolves in precipitation, which eventually recharges
the aquifer. As aresult, dissolved inorganic carbon species
(primarily carbonic acid, bicarbonate, and carbonate) are
commonly used for ¥C dating of groundwater. ““C activity in
groundwater reflects the time elapsed since groundwater was
last exposed to the atmospheric *C source. C has a half-life
of 5,730 years and can be used to estimate groundwater ages
ranging from 1,000 to approximately 30,000 years before the
present (Clark and Fritz, 1997).

14C data can be reported in units of percent Modern
(pM) or in units of percent modern carbon (pmc). ““C data
for the CAMP study unit in Shelton and others (2013) are
given in pM units, as reported by the analyzing laboratory,
and have been normalized for carbon isotopic fractionation
based on a 3**C value of —25 per mil (parts per thousand). The
un-normalized *C datain pmc units are used in this report.
Data were converted from pM to pmc by using this equation,
derived from Plummer and others (2004):

sy
pM| 1+ ——
pmC= 1000 (A2)
0.97%
where
pM  isthe*C valuein unitsof pM, and
513C  isthe measured **C composition in units of

per mil
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The #C pmc valuesin this study are referred to as
“uncorrected” because they are not adjusted to consider water-
rock interactions, such as exchanges with sedimentary sources
of carbon (Fontes and Garnier, 1979). Measured val ues of
percent modern carbon can be greater than 100 pmc because
the definition of the **C content in “modern” carbon does not
include the excess *C produced in the atmosphere by above-
ground nuclear weapons testing. For samples collected for
the CAMP study unit in 2010, *C values greater than 90 pmc
were defined as indicating the presence of some groundwater
recharged since 1952. This threshold of 90 pmc was selected
because nearly all samples with tritium values less than
0.50 TU also had *C values less than 90 pmc.

The age distributions in groundwater samples were
classified as pre-modern, modern, or mixed, by using the
thresholds for tritium and “C values as shown in table A3.
Samples with tritium greater than 0.5 TU and “C greater
than or equal to 90 pmc were classified as modern; samples
with tritium less than 0.5 TU were classified as pre-
modern; all other samples were classified as mixed. Tritium
concentrations, uncorrected “C percent modern carbon, and
age classifications for the samples are listed in fable A4.

Table A3. Tritium and carbon-14 threshold values used for
groundwater age classification for the Cascade Range and
Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA) Priority Basin
Project.

[Groundwater age classification: mixed, groundwater containing compo-
nents recharged before and after 1952; modern, groundwater recharged since
1952; pre-modern, groundwater recharged before 1952. Abbreviations: pmc,
percent modern carbon; TU, tritium units; <, less than; >, greater than or equal
to]

Table A4. Tritium, carbon-14 data, and groundwater age classes,
Cascade Range and Modoc Plateau (CAMP) study unit, 2010,
California Groundwater Ambient Monitoring and Assessment
Program (GAMA) Priority Basin Project.

[Well identification numbers: ES, Sacramento Valley Eastside study area;
HL, Honey Lake Valley study area; LU, Cascade Range and Modoc Plateau
Low Use Basins study area; QV, Quaternary Volcanic Areas study area; SH,
Shasta Valley and Mount Shasta Volcanic Areastudy area; TV, Tertiary Volca-
nic Areas study area. Groundwater age classification: mixed, groundwater
containing components recharged before and after 1952; modern, groundwater
recharged since 1952; pre-modern, groundwater recharged before 1952. Other
abbreviations: 1D, identification; na, not available; pmc, percent modern
carbon; TU, tritium units; <, less than]

Threshold values

Adge class Number of —
g samples Tritium Carbon-14
(TU) (pme)
Pre-modern 33 <0.5 Any
Mixed 20 >0.5 <90
Modern 34 >0.5 >90
Modern or mixed 3 >0.5 No data

mber T (T eatan
Eastside Sacramento Valley study area (ES)
CAMP-ES-01 2.03 106 Modern
CAMP-ES-02 213 112 Modern
CAMP-ES-03 0.15 79 Pre-modern
CAMP-ES-04 1.56 88 Mixed
CAMP-ES-05 0.37 91 Pre-modern
CAMP-ES-06 0.47 97 Pre-modern
CAMP-ES-07 1.06 94 Modern
CAMP-ES-08 0.84 94 Modern
CAMP-ES-09 0.34 86 Pre-modern
CAMP-ES-10 0.15 89 Pre-modern
CAMP-ES-11 1.44 100 Modern
CAMP-ES-12 191 115 Modern
CAMP-ES-13 278 115 Modern
CAMP-ES-14 0.12 95 Pre-modern
CAMP-ES-15 0.87 98 Modern
Honey Lake Valley study area (HL)
CAMP-HL-01 0.00 26 Pre-modern
CAMP-HL-02 0.50 55 Pre-modern
CAMP-HL-03 0.47 68 Pre-modern
CAMP-HL-04 0.21 65 Pre-modern
CAMP-HL-05 1.78 81 Mixed
CAMP-HL-06 2.63 102 Modern
CAMP-HL-07 <0.03 34 Pre-modern
CAMP-HL-08 0.12 56 Pre-modern
CAMP-HL-09 <0.03 59 Pre-modern
CAMP-HL-10 0.31 69 Pre-modern
CAMP-HL-11 1.50 83 Mixed
CAMP-HL-12 0.53 92 Modern
CAMP-HL-13 0.59 101 Modern
CAMP-HL-14 0.03 51 Pre-modern
CAMP-HL-15 0.43 86 Pre-modern
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Table A4. Tritium, carbon-14 data, and groundwater age classes, Cascade Range and Modoc Plateau (CAMP) study unit, 2010,
California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.—Continued

[Well identification numbers: ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study area; LU, Cascade Range and Modoc Plateau Low
Use Basins study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta VVolcanic Area study area; TV, Tertiary Volcanic Areas
study area. Groundwater age classification: mixed, groundwater containing components recharged before and after 1952; modern, groundwater recharged since
1952; pre-modern, groundwater recharged before 1952. Other abbreviations: ID, identification; na, not available; pmc, percent modern carbon; TU, tritium
units; <, less than]

Well ID
number

Well ID
number

Carbon-14  Groundwater age
(pmc) classification

Carbon-14  Groundwater age

Tritium (TU) (pmc) classification

Tritium (TU)

Cascade Range and Modoc Plateau Low-Use Basins study area (LU) Shasta Valley and Mount Shasta Volcanic Area study area (SH)

CAMP-LU-01 0.00 25 Pre-modern CAMP-SH-01 3.07 84 Mixed
CAMP-LU-02 0.09 10 Pre-modern CAMP-SH-02 0.87 60 Mixed
CAMP-LU-03 0.50 59 Pre-modern CAMP-SH-03 2.66 101 Modern
CAMP-LU-04 3.19 95 Modern CAMP-SH-04 0.12 49 Pre-modern
CAMP-LU-05 0.37 58 Pre-modern CAMP-SH-05 0.75 50 Mixed
CAMP-LU-06 0.03 33 Pre-modern CAMP-SH-06 1.50 73 Mixed
CAMP-LU-07 0.94 99 Modern CAMP-SH-07 253 110 Modern
CAMP-LU-08 4.10 112 Modern CAMP-SH-08 1.12 69 Mixed
CAMP-LU-09 <0.03 71 Pre-modern CAMP-SH-09 213 98 Modern
CAMP-LU-10 0.09 85 Pre-modern CAMP-SH-10 2.00 76 Mixed
CAMP-LU-11 0.68 90 Modern CAMP-SH-11 2.63 94 Modern
CAMP-LU-12 3.32 na Mixed or modern CAMP-SH-12 1.69 94 Modern
CAMP-LU-13 1.97 92 Modern CAMP-SH-13 1.75 48 Mixed
CAMP-LU-14 2.35 85 Mixed CAMP-SH-14 357 101 Modern
CAMP-LU-15 247 98 Modern CAMP-SH-15 1.88 100 Modern
Quaternary Volcanic Areas study area (QV) Tertiary Volcanic Areas study area (TV)
CAMP-QV-01 2.85 112 Modern CAMP-TV-01 14.32 43 Mixed
CAMP-QV-02 2.72 113 Modern CAMP-TV-02 1.09 89 Mixed
CAMP-QV-03 <0.03 6 Pre-modern CAMP-TV-03 1.69 56 Mixed
CAMP-QV-04 1.84 86 Mixed CAMP-TV-04 0.15 72 Pre-modern
CAMP-QV-05 0.62 na Mixed or modern CAMP-TV-05 0.03 78 Pre-modern
CAMP-QV-06 3.19 51 Mixed CAMP-TV-06 2.13 80 Mixed
CAMP-QV-07 1.88 91 Modern CAMP-TV-07 <0.03 87 Pre-modern
CAMP-QV-08 0.90 89 Mixed CAMP-TV-08 0.28 53 Pre-modern
CAMP-QV-09 1.03 92 Modern CAMP-TV-09 0.09 52 Pre-modern
CAMP-QV-10 0.47 95 Pre-modern CAMP-TV-10 1.15 98 Modern
CAMP-QV-11 1.19 96 Modern CAMP-TV-11 2.88 94 Modern
CAMP-QV-12 2.57 110 Modern CAMP-TV-12 2.72 na Mixed or modern
CAMP-QV-13 1.25 49 Mixed CAMP-TV-13 2.31 104 Modern
CAMP-QV-14 0.06 59 Pre-modern CAMP-TV-14 231 109 Modern
CAMP-QV-15 3.63 78 Mixed CAMP-TV-15 0.25 54 Pre-modern

Although more sophisticated lumped parameter models
that incorporate mixing could have been used for analyzing

groundwater age distributions (for example, Cook and Bohlke,

2000; Jurgens and others, 2012), use of these modelsto
understand age mixtures was beyond the scope of this report.

Instead, classification into modern (primarily recharged after
1952), mixed, and pre-modern (primarily recharge before
1952) groundwater age classes was sufficient to provide

an appropriate and useful characterization for examining
groundwater quality at the study area and study unit scale.
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Geochemical Conditions

Geochemical conditions investigated as potential
explanatory factorsin this report include oxidation-reduction
characteristics and pH. Oxidation-reduction (redox) conditions
can influence the mobility of many organic and inorganic
constituents (McMahon and Chapelle, 2008). Redox
conditions along groundwater flow paths commonly proceed
along awell-documented sequence of Terminal Electron
Acceptor Processes (TEAP), in which asingle TEAP typicaly
dominates at a particular time and aquifer location (Chapelle
and others, 1995; Chapelle, 2001). As electron acceptors are
depleted along groundwater flow paths, the typical TEAP
sequence is oxygen reduction (oxic), followed, in turn, by
nitrate reduction, manganese reduction, iron reduction, sulfate
reduction, and methanogenesis. This sequence is the order
predicted from equilibrium thermodynamics and corresponds
to progressively decreasing oxidation-reduction potentials.
However, the kinetics of many TEAPs are slow, and the
reactions typically only proceed at significant rates when
mediated by biological catalysis (Stumm and Morgan, 1996;
Appelo and Postma, 2005). Microbes present in groundwater
and on aquifer sediment or rock produce enzymes that catalyze
the reactions (Stumm and Morgan, 1996; Appelo and Postma,
2005). The microbes couple reduction of these inorganic
species to oxidation of organic matter to produce energy
needed for metabolism and growth. Groundwater samples can
contain redox-active chemical species that indicate more than
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one TEAP s operating. Evidence for more than one TEAP
may indicate mixing of waters from different redox zones
upgradient of the well, awell that is screened across more
than one redox zone, or spatial heterogeneity in microbial
activity in the aquifer. In addition, different redox couples
sometimes are not be consistent with one another, indicating
the presence of electrochemical disequilibrium, complicating
the assessments of redox conditions (Lindberg and Runnels,
1984; Appelo and Postma, 2005).

In this report, oxidation-reduction conditions were
represented in two ways: by dissolved oxygen (DO)
concentrations and by classified oxidation-reduction condition.
The DO concentrations were measured at USGS-grid wells
(Shelton and others, 2013). Oxidation-reduction conditions
were classified on the basis of the DO, nitrate, manganese,
and iron concentrations by using a modified version of the
classification scheme of McMahon and Chapelle (2008) and
Jurgens and others (2009) (tables A5, A6). The modification
was that the DO threshold for separating oxic from anoxic
groundwater was increased from 0.5 milligrams per liter
(mg/L) to 1 mg/L. Anoxic conditions were further classified as
suboxic, nitrate-reducing, manganese-reducing, or manganese-
and iron-reducing. Samples were classified as mixed if the
DO concentration was greater than or equal to 1 mg/L, and
manganese or iron concentrations were greater than the
thresholds for indicating manganese-reducing or iron-reducing
conditions (table A5, A6).

Table A5. Oxidation-reduction classification system applied to U.S. Geological Survey (USGS)-grid wells from the Cascade Range and
Modoc Plateau study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Anoxic sub-classes: NO,-red, nitrate-reducing; Mn-red, manganese-reducing; Fe-red, iron-reducing. Units: mg/L, milligrams per liter; pg/L, micrograms per
liter. Other abbreviations: >, greater than or equal to; >, greater than; <, less than or equal to; <, less than; Any, any concentration]

Dissolved oxygen Nitrate, as nitrogen

Manganese Iron

Category Number of samples (mg/L) (mg/L) (ng/L) (ng/L)
Oxic class
Oxic 72 >1 Any <50 <100
Anoxic classes
Suboxic 7 <1 <0.5 <50 <100
NO,-red 0 <1 =0.5 <50 <100
NO,-red, Mn-red 1 <1 >0.5 >50 <100
Mn-red 2 <1 <0.5 >50 <100
Fe-red 1 <1 <0.5 <50 >100
Mn-red, Fe-red 2 <1 <0.5 >50 <100
Mixed classes
Mixed (oxic - anoxic Mn-red) 2 >1 Any >50 <100
Mixed (oxic - anoxic Fe-red) 1 =1 Any Any >100
Mixed (oxic - anoxic Mn-red, Fe-red) >1 Any >50 >100
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Table A6. Oxidation-reduction classification, dissolved oxygen concentration, pH, and oxidation-reduction species ratios for arsenic
and iron, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment
(GAMA) Program Priority Basin Project.

[Well identification numbers: CAMP, Cascade Range and Modoc Plateau study unit; ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study
area; LU, Cascade Range and Modoc Plateau Low-Use Basins study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta
Volcanic Area study area; TV, Tertiary Volcanic Areas study area. Oxidation-reduction classification: See table A5. Anoxic sub-classes: Mn-red, manganese-
reducing; Fe-red, iron-reducing; NO,-red, nitrate-reducing. Units: mg/L, milligrams per liter; pg/L, micrograms per liter. Ratios of oxidized to reduced species
of metals: As(V)/As(111), ratio of arsenic(V) to arsenic(l11); Fe(l11)/Fe(11), ratio of iron(l11) to iron(l1). Other abbreviations: >, greater than; <, less than;

—, concentration too low to measure ratio]

Ratios of oxidized and

Well . Oxidation-reduction classification’ .
identification pH Dissolved oxygen reduced species of metals
standard units mg/L
number ( ) (mg/1) Redox class Subclass of Fe(Ill)/ Fe(ll) As(VY/ As(lll)

anoxic/mixed

Eastside Sacramento Valley study area (ES)

CAMP-ES-01 6.2 5.6 Oxic — — >10
CAMP-ES-02 6.2 9.8 Oxic — — —
CAMP-ES-03 7.2 4.7 Oxic — — >10
CAMP-ES-04 7.2 13 Oxic — — >10
CAMP-ES-05 6.7 9.8 Oxic — — —
CAMP-ES-06 6.8 10.3 Oxic — — —
CAMP-ES-07 6.6 6.6 Oxic — — >10
CAMP-ES-08 6.6 6.2 Oxic — — —
CAMP-ES-09 75 6.0 Oxic — — >10
CAMP-ES-10 6.7 7.4 Oxic — na na
CAMP-ES-11 6.6 74 Oxic — — —
CAMP-ES-12 5.8 53 Mixed Fe-red >10 —
CAMP-ES-13 6.0 55 Oxic — — —
CAMP-ES-14 7.2 6.2 Oxic — — >10
CAMP-ES-15 7.1 6.8 Oxic — — >10
Honey Lake Valley study area (HL)
CAMP-HL-01 8.8 6.7 Oxic — — 2>10
CAMP-HL-02 7.6 1.0 Oxic — <0.01 >10
CAMP-HL-03 7.7 0.9 Anoxic Suboxic — 210
CAMP-HL-04 7.6 4.2 Oxic — — >10
CAMP-HL-05 7.0 8.3 Oxic — — >10
CAMP-HL-06 6.4 7.8 Oxic — — >10
CAMP-HL-07 7.9 0.6 Anoxic Mn-red 0.03 20.4
CAMP-HL-08 9.2 04 Anoxic Suboxic <0.01 <0.01
CAMP-HL-09 7.6 6.4 Mixed Mn-red >10 0.8
CAMP-HL-10 7.0 15 Mixed Mn-red, Fe-red 0.13 >10
CAMP-HL-11 7.8 <0.2 Anoxic NO,-red, Mn-red 0.08 >10
CAMP-HL-12 7.3 4.4 Oxic — — >10
CAMP-HL-13 6.5 7.5 Oxic — — —
CAMP-HL-14 7.8 0.4 Anoxic Suboxic — >10
CAMP-HL-15 8.0 11 Oxic — — 5>10
Cascade Range and Modoc Plateau Low-Use Basins study area (LU)

CAMP-LU-01 8.4 0.2 Anoxic Suboxic — —
CAMP-LU-02 7.3 <0.2 Anoxic Fe-red <0.01 —

CAMP-LU-03 8.0 15 Oxic — — >10
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Table A6. Oxidation-reduction classification, dissolved oxygen concentration, pH, and oxidation-reduction species ratios for arsenic
and iron, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment
(GAMA) Program Priority Basin Project—Continued

[Well identification numbers: CAMP, Cascade Range and Modoc Plateau study unit; ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study
area; LU, Cascade Range and Modoc Plateau Low-Use Basins study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta
Volcanic Area study area; TV, Tertiary Volcanic Areas study area. Oxidation-reduction classification: See table A5. Anoxic sub-classes: Mn-red, manganese-
reducing; Fe-red, iron-reducing; NO,-red, nitrate-reducing. Units: mg/L, milligrams per liter; pg/L, micrograms per liter. Ratios of oxidized to reduced species
of metals: As(V)/As(111), ratio of arsenic(V) to arsenic(l11); Fe(l11)/Fe(11), ratio of iron(l11) to iron(l1). Other abbreviations: >, greater than; <, less than;

—, concentration too low to measure ratio]

Ratios of oxidized and

Well . Oxidation-reduction classification’ .
identification pH Dissolved oxygen reduced species of metals
standard units mg/L
number ( ) (mg/1) Redox class Subclass of Fe(Ill)/ Fe(ll) As(V)/ As(lll)

anoxic/mixed

Cascade Range and Modoc Plateau Low-Use Basins study area (LU)—Continued

CAMP-LU-04 7.8 85 Oxic — — >10
CAMP-LU-05 7.5 19 Oxic — — 210
CAMP-LU-06 79 0.2 Anoxic Suboxic <0.01 —
CAMP-LU-07 7.0 5.7 Oxic — — —
CAMP-LU-08 6.3 10.9 Oxic — — —
CAMP-LU-09 8.0 16 Oxic — 1.22 >10
CAMP-LU-10 7.8 0.2 Anoxic Mn-red, Fe-red 0.19 —
CAMP-LU-11 7.0 7.0 Oxic — — >10
CAMP-LU-12 6.6 8.9 Oxic — — >10
CAMP-LU-13 6.9 1.0 Mixed Mn-red, Fe-red >10 >10
CAMP-LU-14 7.1 79 Oxic — — >10
CAMP-LU-15 7.3 7.2 Oxic — — >10
Quaternary Volcanic Areas study area (QV)
CAMP-QV-01 5.7 12.0 Oxic — — —
CAMP-QV-02 6.3 11.0 Oxic — — —
CAMP-QV-03 7.3 0.8 Anoxic Mn-red, Fe-red 0.20 —
CAMP-QV-04 7.9 1.0 Mixed Mn-red 0.09 21.8
CAMP-QV-05 7.5 104 Oxic — — —
CAMP-QV-06 8.5 3.0 Oxic — — >10
CAMP-QV-07 7.6 9.8 Oxic — — —
CAMP-QV-08 74 7.3 Oxic — — >10
CAMP-QV-09 7.2 10.0 Oxic — — —
CAMP-QV-10 6.8 74 Oxic — — —
CAMP-QV-11 6.4 6.3 Oxic — — —
CAMP-QV-12 6.3 4.6 Oxic — — —
CAMP-QV-13 6.7 8.7 Oxic — — >10
CAMP-QV-14 85 3.6 Oxic — 4.55 >10
CAMP-QV-15 6.5 9.8 Oxic — — >10
Shasta Valley and Mount Shasta Volcanic Area study area (SH)
CAMP-SH-01 6.8 5.0 Oxic — — —
CAMP-SH-02 6.6 4.7 Oxic — — 3>10

CAMP-SH-03 7.3 4.7 Oxic — — >10
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Table A6. Oxidation-reduction classification, dissolved oxygen concentration, pH, and oxidation-reduction species ratios for arsenic
and iron, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment
(GAMA) Program Priority Basin Project—Continued

[Well identification numbers: CAMP, Cascade Range and Modoc Plateau study unit; ES, Sacramento Valley Eastside study area; HL, Honey Lake Valley study
area; LU, Cascade Range and Modoc Plateau Low-Use Basins study area; QV, Quaternary Volcanic Areas study area; SH, Shasta Valley and Mount Shasta
Volcanic Area study area; TV, Tertiary Volcanic Areas study area. Oxidation-reduction classification: See table A5. Anoxic sub-classes: Mn-red, manganese-
reducing; Fe-red, iron-reducing; NO,-red, nitrate-reducing. Units: mg/L, milligrams per liter; pg/L, micrograms per liter. Ratios of oxidized to reduced species
of metals: As(V)/As(111), ratio of arsenic(V) to arsenic(l11); Fe(l11)/Fe(11), ratio of iron(l11) to iron(l1). Other abbreviations: >, greater than; <, less than;

—, concentration too low to measure ratio]

Ratios of oxidized and

Well . Oxidation-reduction classification’ .
identification pH Dissolved oxygen reduced species of metals
standard units mg/L
number ( ) (mo/L) Redox class Subclass of Fe(Ill)/ Fe(ll) As(V)/ As(lll)

anoxic/mixed

Shasta Valley and Mount Shasta Volcanic Area study area (SH)—Continued

CAMP-SH-04 7.2 44 Oxic — — >10
CAMP-SH-05 6.4 10.6 Oxic — — >10
CAMP-SH-06 6.5 9.3 Oxic — — —
CAMP-SH-07 6.3 10.8 Oxic — — —
CAMP-SH-08 6.7 4.0 Oxic — — >10
CAMP-SH-09 6.9 58 Oxic — — —
CAMP-SH-10 6.8 3.2 Oxic — — >10
CAMP-SH-11 7.2 0.3 Anoxic Suboxic — >10
CAMP-SH-12 7.1 7.2 Oxic — — 2>10
CAMP-SH-13 6.6 9.3 Oxic — — >10
CAMP-SH-14 6.3 105 Oxic — 0.32 —
CAMP-SH-15 7.3 0.2 Anoxic Mn-red 0.21 —
Tertiary Volcanic Areas study area (TV)
CAMP-TV-01 7.9 0.8 Anoxic Suboxic — >10
CAMP-TV-02 7.2 8.2 Oxic — <0.01 >10
CAMP-TV-03 6.9 11.2 Oxic — — >10
CAMP-TV-04 7.6 7.4 Oxic — — >10
CAMP-TV-05 75 6.9 Oxic — — —
CAMP-TV-06 8.0 94 Oxic — — —
CAMP-TV-07 7.8 7.5 Oxic — — —
CAMP-TV-08 8.3 59 Oxic — — >10
CAMP-TV-09 7.5 4.9 Oxic — — >10
CAMP-TV-10 6.2 8.1 Oxic — — —
CAMP-TV-11 7.0 79 Oxic — — —
CAMP-TV-12 6.8 8.6 Oxic — 0.15 —
CAMP-TV-13 6.6 8.6 Oxic — — —
CAMP-TV-14 5.8 7.8 Oxic — 1.48 —
CAMP-TV-15 9.3 4.9 Oxic — — 0.29

!Oxidation-reduction classification criteria are given in table A5.
2Arsenic concentration between 5 and 10 pg/L (moderate relative-concentration).

SArsenic concentration greater than 10 pg/L (high relative-concentration).
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Arsenic and iron occur as different species depending on
the redox state of the groundwater. The ratio of the amount of
the more oxidized species to the amount of the more reduced
species for each constituent can provide information about the
progress of the TEAP involving the constituent. The following
ratios are reported in table AG:

As™/ As® (A3)
where
As™  isthe amount of arsenic present in the more
oxidized +5 oxidation state (arsenate), and
is the amount of arsenic present in the more
reduced +3 oxidation state (arsenite);

As+ 3

Fe*/ Fe? (A4)
where
Fe*’ is the amount of iron present in the more
oxidized +3 oxidation state (ferric iron),
and
is the amount of iron present in the more
reduced +2 oxidation state (ferrousiron).

Fe+2

Total concentrations of As and Fe and concentrations of
As™ and Fe2 were reported by Shelton and others (2013). The
concentrations of As* and Fe™ were calculated from these
data by difference. As™/As™ was reported as greater than
10 if the total arsenic concentration was above the reporting
limit and As*® was not detected and as less than 0.01 if the
total arsenic concentration equaled the As™ concentration.
Similarly, Fe*¥/Fe*?was reported as greater than 10 if the
total iron concentrations was above the reporting limit and
Fe*2 was not detected and as less than 0.01 if the total iron
concentration equaled the Fe2 concentration.
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Appendix B: Comparison of California Department of Public Health and
U.S. Geological Survey-Groundwater Ambient Monitoring and Assessment

Program Data

Major-ion datafor the 90 U.S. Geological Survey
(USGS)-grid wells were compared with major ion data from
wellsin the California Department of Public Health (CDPH)
database for the Cascade Range and Modoc Plateau (CAMP)
study unit to evaluate whether the USGS-grid wells were
representative of the range of groundwater types pumped
by wells used for municipal and community drinking-water
supply in the CAMP study unit. The CDPH well dataset
consisted of all wellswith acomplete major ion analysis
between September 16, 2007, and September 16, 2010. If
multiple analyses were available, the most recent one with an
acceptabl e cation-anion balance was selected. The datasets
were compared by using Piper diagrams (Piper, 1944; Hem,
1985). Groundwater types were defined on a Piper diagram
according to the cations and anions present in the greatest
proportions (fig. B1A4).

For electroneutrality, the total concentrations of positive
charges in awater sample, expressed as milliequivalents of
cations per liter, must equal the total concentration of negative
charges, expressed as milliequivalents of anions per liter; thus,
cation-anion balance is atest of the internal consistency of a
major-ion analysis (Hem, 1985). An acceptable cation-anion
balance was defined as one for which the difference between
the total cation and anion concentrations, both expressed in
milliequivalents per liter, was no greater than 10 percent of
the total. Of the 234 CDPH wellswith data available in the
3-year period, 45 had major-ion analyses, and 44 of those had
major-ion analyses with acceptable cation-anion balance. The
major-ion analyses for all 90 USGS-grid wells had acceptable
cation-anion balance.

The anion compositions of most of the CDPH wells
(93 percent) and the USGS-grid wells (92 percent) were
classified as bicarbonate-type (HCO,) waters (fig. B1B). The
median fraction of sulfate (SO,) in the anions was greater
in the USGS-grid wells than in the CDPH wells (Wilcoxon
rank-sum test, p=0.019; Helsel and Hirsch, 2002), reflecting
sampling of HCO,-SO,-type groundwater in the HL study
areaby USGS-GAMA that was not present in the CDPH
dataset. The cation compositions of amgjority of the CDPH
wells (82 percent) and the USGS-grid wells (69 percent)
were classified as calcium-magnesium (Ca-Mg)-type or
mixed-cation-type waters (fig. B1B). A greater proportion of
USGS-grid wells had more than 40 percent sodium-potassium
(NaK) inthe cations than did CDPH wells (contingency table
test, p=0.029; Helsel and Hirsch, 2002), primarily reflecting
sampling of NaK-type and Ca-NaK-type groundwatersin
the HL, LU, QV, and TV study areas by USGS-GAMA that
were not present in the CDPH dataset. The reason for the
differences between the two datasets is unknown.

Trace element, nutrient, and radioactive constituent data
from the USGS-grid wells were compared to the most recent
data from the CDPH database for samples collected between
September 16, 2007, and September 16, 2010, from the
same wells. The purpose of this comparison wasto evaluate
the quality of the datain the CDPH database. If data from
USGS and CDPH for the same wells showed acceptable
agreement, then the quality of the CDPH data from wells
without USGS data were considered acceptable for usein the
spatially weighted calculations of aquifer-scale proportions.
Only constituents having one or more detections with aRC
greater than 0.5 in either dataset were examined. Sixty-one
USGS-grid wells had data for one or more constituentsin the
CDPH database; however, the number of wells with datain the
CDPH database varied considerably among the constituents.
Nitrate was the only constituent for which there were more
than 35 wells with data from both datasets. Both datasets
were recensored to the most common reporting limit used in
the CDPH database (rable BI) for each constituent for these
comparisons.

The comparisons for each constituent were made in
two ways: linear regression and percentage of wellswith
concentration above athreshold (able B1). The slope,
intercept, and coefficient of determination (r?) of the linear
regression were compared to values for one-to-one line (slope
= 1, intercept = 0, r2= 1) to evaluate the agreement between
the two datasets. The percentage of wells with concentrations
above athreshold in each dataset was compared to evaluate
whether use of one dataset or the other would affect results
for aquifer-scale proportions. In most cases, the threshold
used for thistest corresponded to a RC equal to 0.5. A
threshold corresponding to a RC equal to 0.333 was used for
the trace-element lead in order to have a sufficient number
of samples with concentrations above the threshold. The
90 percent confidence interval for the percentage above the
threshold calculated from USGS data was determine by using
the Jeffrey’sinterval for the binomial proportion (Belitz and
others, 2010).

Sufficient data were available to make comparisons
for 10 constituents. For nitrate, arsenic, vanadium, chloride,
manganese, and TDS, the two datasets had acceptable
agreement. The percentages of wells with concentration above
the threshold based on CDPH data were within the 90 percent
confidence intervals around the percentages of wells with
concentration above the threshold based on USGS data
(table BI). The slopes of the linear regressions were between
0.75 and 1.1, the intercepts were close to zero, and the r?
values were greater than 0.85 (table BI; fig. B2).



114 Status and Understanding of Groundwater Quality in the Cascade Range and Modoc Plateau Study Unit, 2010

S
N

>
»

mixed

S
S
o

0 Q%\'

Y
®
N
[\
\{
2
%
b
%

/00

Calcium (Ca) Chloride (CI)
PERCENT

EXPLANATION

USGS-grid wells
ES - Eastside Sacramento Valley

HL - Honey Lake Valley
LU - Low-Use Basins
QV - Quaternary Volcanics

SH - Shasta Valley and Mount Shasta Volcanic Area

< B » O @ ¢

TV - Tertiary Volcanic Area

Figure B1. Piper diagrams showing A, samples collected by the U.S. Geological Survey (USGS) for the study unit; and B, wells in the
California Department of Public Health (CDPH) database having major-ion chemical analyses with acceptable cation-anion balance
during the time period September 16, 2007, through September 17, 2010, Cascade Range and Modoc Plateau (CAMP) study unit, 2010,
California Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.
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B1. Results of comparisons between concentrations of constituents in samples from wells with U.S. Geological Survey (USGS)
data and data in the California Department of Public Health (CDPH) database during the time period September 16, 2007, through
September 17,2010, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and
Assessment (GAMA) Program Priority Basin Project

[Both datasets were censored to the most common reporting limit for data from the CDPH database (RL). Abbreviations: mg/L, milligrams per liter; na, not
available; pCi/L, picocuries per liter; r?, coefficient of determination; SMCL, secondary maximum contaminant level; pg/L, micrograms per liter]

Number of wells
with a detection
Constituent greater than RL/total RL
number of wells with

Percentage 90-percent
i ; of wells with i
Linear regression Threshold  goncentration coillllftI::,l:I:e

concentration  ap0u6 threshold  for USGS

USGS and CDPH data Slope Intercept 1 USGS CDPH  (percent)
Nutrients
Ammonia 0/0 na na na na na na na na
Nitrate 39/59 0.1lmg/lL 0.87 0.1 0.86 5mg/L 17 3.4 0.3-6.4
Trace elements and minor ions with health-based benchmarks
Arsenic 8/32 2 pg/L 0.75 0 0.86 5 pg/L 6.3 9.4 1.8-16
Boron 0/9 100 g/l na na na na na na na
Fluoride 16/28 01mg/L 0.96 0 0.48 2mg/L 0 0 0-4.7
Lead 13/21 0.2ug/L  0.09 0.2 0.13 5 pg/L 0 9.5 0-6.2
Molybdenum 0/0 na na na na na na na na
Strontium 0/0 na na na na na na na na
Vanadium 8/9 2 pg/L 0.99 0.7 0.99 25 pg/L 1 11 2.0-36
Radioactive constituents
Gross-alpha particle activity 6/25 3pCi/lL  0.86 -05 061 7.5pCi/lL 4.0 12 0.7-12
Radon-222 0/0 na na na na na na na na
Uranium 3/5 na na na na na na na na
Inorganic constituents with SMCL benchmarks

Chloride 13/20 ImglL 11 -0.2 0.88 250 mg/L 0 0 0-6.5
Iron 8/27 50pg/L 041 -7 091 150 ug/L 7.4 19 2.2-19
Manganese 6/24 10pg/L 098 4 0.96 50 pg/L 17 17 7.2-32
Total dissolved solids (TDS) 23/23 na 0.94 14 0.86 500 mg/L 0 0 0-5.7

Agreement between the two datasets was also considered

acceptable for fluoride, despite the comparatively poorer linear
regression fit than the others, because the percentage of wells

with

concentrations above the threshold was the same for both

datasets (table B1; fig. B2). Thus, poor agreement between the
USGS and CDPH data would be unlikely to affect results of
aquifer-scale proportion calculations.

The USGS and CDPH datasets did not show acceptable

agreement for lead, gross-alpha particle activity, or iron.

For these three constituents, the percentages of wells with
concentrations above the thresholds based on CDPH data
were at or above the upper 90 percent confidence interval

limit for the percentages of wells with concentrations above
the thresholds based on USGS data (table BI). Thisindicated
that use of CDPH data could bias the results for aquifer-

scale proportions toward greater high-RC and moderate-RC
proportions. The linear regressions for these three constituents
diverged markedly from the one-to-oneline (table B1,;

fig. B3). Because of the poor agreement between USGS and
CDPH datafor lead, gross-alpha particle activity, and iron,

the high-RC and moderate-RC aquifer-scale proportions
calculated with the spatially weighted method were considered
less reliable than those cal culated with the grid-based method.



Appendix B: Comparison of CDPH and USGS-GAMA Program Data

A — B 5
/O 8
= 7 =
g 5
g 3 400
2 5
(=2
s ° g
= £ 30
‘E £
= 3
£ 2
g % 200
c 4 ©
< £
= <
z :
v 2 Q@ 100
[s] [72)
wn (4]
s} w
l oL | | | ° | | | |
0 O Ue,
0 2 4 6 8 10 12 0 100 200 300 400 500
CDPH nitrate-N, milligrams per liter CDPH manganese, in micrograms per liter
c D
8 40
g g
E 5
o o
g 6[ 2 3
© @©
> >
o 1<
2 S
€ S
c c
£ 4 - = 2
) E
5 3
[<5) -
» ©
@ s
< >
= <
— =
s 2 =
o o
g 2
= )
1F——0 ' | 0O | | |
0 2 4 6 8 0 10 20 30 40

CDPH vanadium, in micrograms per liter

m

EXPLANATION

Concentration below threshold (table B1)

-——- 11line
———— Linear regression line

O Well with USGS and CDPH data

USGS-GAMA fluoride, in milligrams per liter

I I I
0 0.1 0.2 0.3 0.4 05 0.6 0.7
CDPH fluoride, in milligrams per liter

Figure B2. Comparison of data collected by the U.S. Geological Survey (USGS) and data reported in the California Department of
Public Health (CDPH) database during the time period September 16, 2007, through September 17, 2010, for A, nitrate; B, manganese;
C, arsenic; D, vanadium; E, flouride, £ chloride, and; G, total dissolved solids, Cascade Range and Modoc Plateau (CAMP) study unit,
2010, California Groundwater Ambient Monitoring and Assessment (GAMA) Program Priority Basin Project.
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Lead detections (greater than or equal to 1 pg/L) were
reported in 10 CDPH wells during the period September 16,
2007, through September 17, 2010. Two wells had high-RCs,
and three had moderate-RCs of lead. Three of the CDPH wells
with detections of lead also were sampled by USGS, and
the agreement between the two datasets was poor (table BI,
fig. B34), with concentrations reported by CDPH as much
higher than those measured by USGS. This pattern indicates
that use of the CDPH data could result in observations of high-
RCs or moderate-RCs of |ead where none would be observed
if USGS data were used. In addition, of the 10 CDPH wells
with lead detections, 7 wells had historical data for lead, and,
of those 7 wells, only 1 had a previous detection of lead (at a
low-RC). Based on this poor agreement between the USGS
and CDPH results for wells with datain both datasets and the
lack of confirmation of detections of lead in the CDPH dataset,

the CDPH data for lead were considered suspect. Use of the
CDPH datafor lead in the status assessment could result in
erroneous results. Spatially weighted aquifer-scale proportions
for lead arelisted in tables 8 and C1A4-F, but lead was not
included in the calculations of aquifer-scale proportions for
trace elements as a class or for inorganic constituents as a
class (table 94).

The higher concentrations of iron and lead reported in
the CDPH database compared to the concentrations measured
by the USGS could reflect the difference in sample collection
and analysis methods. Samples for analysis of trace elements
by USGS are filtered during sample collection, whereas, the
analytical methods used for regulatory compliance sampling
for trace elements can use unfiltered samples. The source of
particulate iron and lead in water samples could be particles
from piping in wells and distribution systems.
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Figure B3. Comparison of data collected by the U.S. Geological Survey (USGS) and data reported in the California Department of
Public Health (CDPH) database during the time period September 16, 2007, through September 17, 2010, for A, lead; B, gross-alpha
particle activity; and C, iron, Cascade Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring

and Assessment (GAMA) Program Priority Basin Project.
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Appendix C: Aquifer-Scale Proportions in Study Areas

Grid-based and spatially weighted aquifer-scale
proportions in the six study areas for individual relative
concentrations (RC) inorganic constituents detected at high or
moderate in the U.S. Geological Survey (USGS)-grid wells or
reported at high or moderate RCsin the California Department
of Public Health (CDPH) database in samples collected
between September 2007 and September 2010 are listed in
tables C14—F.

Aquifer-scale proportion results are not tabul ated for
organic constituents because there were no high-RC or
moderate-RC detections of these constituents; hence, the
proportions were 100 percent low-RCs. Four herbicides
(atrazine, hexazinone, prometon, and simazine), the
trihalomethane chloroform, the solvents 1,1-dichloroethene
and tetrachloroethene (PCE), and the gasoline oxygenate
methyl tert-butyl ether (MTBE) each were detected in greater
than 10 percent of the 15 USGS-grid wellsin 1 or more of the
6 study areas (Shelton and others, 2013). All detections had
low RCs. The CDPH database contained no pesticide data for

samples collected in the Cascade Range and Modoc Plateau
(CAMP) study unit between September 2008 and September
2010. The CDPH database contained data for volatile
organic compounds (VOCs) in samples from 71 wells, and,
of those 71 wells, 24 also had USGS-Groundwater Ambient
Monitoring and Assessment (GAMA) VOC data. Chloroform
was the only VOC with a detection reported in the CDPH
database between September 2008 and September 2010. One
CDPH well had one detection of chloroform at alow RC.
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Table C1A. Aquifer-scale proportions for the Sacramento Valley Eastside (ES) study area for inorganic constituents detected at
high or moderate relative-concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Sacramento Valley Eastside study area covers 10.38 percent of the Cascade Range and Modoc Plateau study unit. Relative-concentration (RC) categories
for inorganic constituents: High, RC 1.0, RC less than or equal to 1.0 and greater than 0.5; low, RC less than 0.5. RC defined as measured value divided by
benchmark value. Inorganic constituents not listed in this table either do not have benchmarks or were detected only at low RCs. Benchmark types and values
listed in table 44. Other abbreviations: SMCL, secondary maximum contaminant level]

Raw occurrence

Aquifer-scale proportions

Constituent Number frequency _ _ (percent) :
(percent) Spatially weighted Grid-based
Wells Cells Moderate-RC High-RC  Moderate-RC High-RC  Moderate-RC  High-RC
Nutrients
Ammonia 15 15 0 0 0 0 0 0
Nitrate 30 15 0 0 0 0 0 0
Trace elements
Arsenic 27 15 0 0 0 0 0 0
Boron 22 15 0 0 0 0 0 0
Fluoride 24 15 0 0 0 0 0 0
Lead 23 15 4.3 0 33 0 0 0
Molybdenum 15 15 0 0 0 0 0 0
Strontium 15 15 0 0 0 0 0 0
Vanadium 23 15 8.7 0 10.0 0 133 0
Radioactive constituents
Gross alpha particle activity 24 15 0 0 0 0 0 0
Adjusted gross apha particle activity 24 15 0 0 0 0 0 0
Radon-222 activity 15 15 0 0 0 0 0 0
Uranium 15 15 0 0 0 0 0 0
Inorganic constituents with SMCL benchmarks
Chloride 22 15 0 0 0 0 0 0
Iron 24 15 8.3 83 3.6 8.9 0 6.7
Manganese 23 15 0 8.7 0 4.4 0 0
Total dissolved solids (TDS) 24 15 0 0 0 0 0 0

1Based on the most recent analyses for each California Department of Public Health (CDPH) well during September 16, 2007, through September 16, 2010,
combined with data from U.S. Geologica Survey (USGS)-grid wells.

2Grid-based aquifer-scale proportions are based on samples collected by the USGS from 15 grid wells during September 13, 2007, through October 12, 2010.
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Table C1B. Aquifer-scale proportions for the Honey Lake Valley (HL) study area for inorganic constituents detected at high or
moderate relative concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA\) Priority Basin Project.

[Honey Lake Valley study area covers 13.41 percent of the Cascade Range and Modoc Plateau study unit. Relative-concentration (RC) categories for
inorganic constituents: high, RC greater than 1.0, RC less than or equal to 1.0 and greater than 0.5; low, RC less than 0.5. RC defined as measured value
divided by benchmark value. Inorganic constituents not listed in this table either do not have benchmarks or were detected only at low RCs. Benchmark types
and valueslisted in rable 44. Other abbreviations: SMCL, secondary maximum contaminant level]

Raw occurrence Aquifer-scale proportions (percent)
. Number frequency i i .
Constituent (percent) Spatially weighted Grid-based
Wells Cells Moderate-RC High-RC  Moderate-RC High-RC  Moderate-RC  High-RC
Nutrients
Ammonia 15 15 0 0 0 0 0
Nitrate 35 15 29 29 11 6.7 0 6.7
Trace elements
Arsenic 31 15 25.8 194 21.7 16.4 26.7 133
Boron 21 15 28.6 0 36.7 0 40.0 0
Fluoride 23 15 8.7 0 10.0 0 13.3 0
Lead 21 15 0 0 0 0 0 0
Molybdenum 15 15 0 6.7 0 6.7 0 6.7
Strontium 15 15 0 0 0 0 0 0
Vanadium 27 15 7.4 3.7 8.3 33 6.7 6.7
Radioactive constituents
Gross alpha particle activity 22 15 0 13.6 0 15.6 6.7 13.3
Adjusted gross alpha particle activity 22 15 45 45 22 45 6.7 0
Radon-222 activity 15 15 0 6.7 0 6.7 0 6.7
Uranium 19 15 0 15.8 0 15.0 0 13.3
Inorganic constituents with SMCL benchmarks

Chloride 26 15 0 0 0 0 0 0
Iron 31 15 0 32 0 33 0 6.7
Manganese 31 15 0 22.6 0 28.9 0 26.7
Total dissolved solids (TDS) 30 15 233 0 34.4 0 40.0 0

*Based on the most recent analyses for each California Department of Public Health (CDPH) well during September 16, 2007, through September 16, 2010,
combined with data from U.S. Geologica Survey (USGS)-grid wells.

2Grid-based aquifer-scale proportions are based on samples collected by the USGS from 15 grid wells during July through October 2010.
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Table C1C. Aquifer-scale proportions for the Cascade Range and Modoc Plateau Low Use Basins (LU) study area for inorganic
constituents detected at high or moderate relative concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California
Groundwater Ambient Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Cascade Range and Modoc Plateau Low Use Basins study area covers 18.44 percent of the Cascade Range and Modoc Plateau study unit. Relative-
concentration (RC) categoriesfor inorganic constituents: high, RC greater than 1.0, RC less than or equal to 1.0 and greater than 0.5; low, RC less than or
equal to 0.5. RC defined as measured value divided by benchmark value. Inorganic constituents not listed in this table either do not have benchmarks or were
detected only at low RCs. Benchmark types and values listed in table 44. Other abbreviations: SMCL, secondary maximum contaminant level]

Raw occurrence Aquifer-scale proportions (percent)
. Number frequency . i .
Constituent (percent) Spatially weighted Grid-based
Wells  Cells Moderate-RC High-RC  Moderate-RC High-RC  Moderate-RC  High-RC
Nutrients
Ammonia 15 15 6.7 0 6.7 0 6.7 0
Nitrate 44 15 23 0 13 0 0 0
Trace elements
Arsenic 25 15 8.0 4.0 8.9 33 6.7 0
Boron 17 15 59 0 6.7 0 6.7 0
Fluoride 22 15 0 0 0 0 0 0
Lead 22 15 0 0 0 0 0 0
Molybdenum 15 15 0 0 0 0 0 0
Strontium 15 15 0 0 0 0 0 0
Vanadium 17 15 5.9 0 6.7 0 6.7 0
Radioactive constituents
Gross alpha particle activity 27 15 37 0 33 0 0 0
Adjusted gross alpha particle activity 27 15 0 0 0 0 0 0
Radon-222 activity 15 15 0 0 0 0 0 0
Uranium 15 15 0 0 0 0 0 0
Inorganic constituents with SMCL benchmarks
Chloride 24 15 0 0 0 0 0 0
Iron 23 15 13.0 21.7 12.2 15.6 6.7 13.3
Manganese 23 15 17.4 17.4 133 15.6 6.7 133
Total dissolved solids (TDS) 30 15 33 33 6.7 33 6.7 0

*Based on the most recent analyses for each California Department of Public Health (CDPH) well during September 16, 2007, through September 16, 2010,
combined with data from U.S. Geological Survey (USGS)-grid wells.

2Grid-based aquifer-scale proportions are based on samples collected by the USGS from 15 grid wells during July through October 2010.
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Table C1D. Aquifer-scale proportions for the Quaternary Volcanic Areas (QV) study area for inorganic constituents detected at high
or moderate relative concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA\) Priority Basin Project.

[Quaternary Volcanic Areas study area covers 25.72 percent of the Cascade Range and Modoc Plateau study unit. Relative-concentration (RC) categories for
inorganic constituents: High, RC greater than 1.0, RC less than or equal to 1.0 and greater than 0.5; low, RC less than or equal to 0.5. RC defined as measured
value divided by benchmark value. Inorganic constituents not listed in this table either do not have benchmarks or were detected only at low RCs. Benchmark

types and valueslisted in table 44. Other abbreviations: SMCL, secondary maximum contaminant level]

Raw occurrence

Aquifer-scale proportions (percent)

. Number frequency . . .
Constituent (percent) Spatially weighted Grid-based
Wells  Cells Moderate-RC High-RC Moderate-RC High-RC  Moderate-RC High-RC
Nutrients
Ammonia 15 15 0 0 0 0 0 0
Nitrate 64 15 0 0 0 0 0 0
Trace elements
Arsenic 26 15 3.8 0 6.7 0 6.7 0
Boron 22 15 0 0 0 0 0 0
Fluoride 30 15 0 0 0 0 0 0
Lead 25 15 4.0 8.0 2.2 4.4 0 0
Molybdenum 15 15 0 0 0 0 0 0
Strontium 15 15 0 0 0 0 0 0
Vanadium 21 15 14.3 0 15.0 0 20.0 0
Radioactive constituents
Gross alpha particle activity 28 15 0 0 0 0 0 0
Adjusted gross apha particle activity 28 15 0 0 0 0 0 0
Radon-222 activity 15 15 0 0 0 0 0 0
Uranium 15 15 0 0 0 0 0 0
Inorganic constituents with SMCL benchmarks
Chloride 27 15 0 0 0 0 0 0
Iron 28 15 0 0 0 0 0 0
Manganese 28 15 0 7.1 0 133 0 133
Total dissolved solids (TDS) 27 15 3.7 0 6.7 0 6.7 0

*Based on the most recent analyses for each California Department of Public Health (CDPH) well during September 16, 2007, through September 16, 2010,
combined with data from U.S. Geologica Survey (USGS)-grid wells.

2Grid-based aquifer-scale proportions are based on samples collected by the USGS from 15 grid wells during July through October 2010.
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Table C1E. Aquifer-scale proportions for the Shasta Valley and Mount Shasta Volcanic Area (SH) study area for inorganic constituents
detected at high or moderate relative concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater
Ambient Monitoring and Assessment Program (GAMA\) Priority Basin Project.

[Shasta Valley and Mount Shasta Volcanic Area study area covers 13.35 percent of the Cascade Range and Modoc Plateau study unit. Relative-concentration
(RC) categoriesfor inorganic constituents: High, RC greater than 1.0, RC less than or equal to 1.0 and greater than 0.5; low, RC less than or equal to 0.5. RC
defined as measured value divided by benchmark value. Inorganic constituents not listed in this table either do not have benchmarks or were detected only at low
RCs. Benchmark types and values listed in table 44. Other abbreviations: SMCL, secondary maximum contaminant level]

Raw occurrence Aquifer-scale proportions (percent)
. Number frequency . . .
Constituent (percent) Spatially weighted Grid-based
Wells  Cells Moderate-RC High-RC Moderate-RC High-RC  Moderate-RC High-RC
Nutrients
Ammonia 15 15 0 0 0 0 0 0
Nitrate 12 15 7.1 0 111 0 13.3 0
Trace elements
Arsenic 29 15 34 34 6.7 6.7 6.7 6.7
Boron 15 15 6.7 0 6.7 0 6.7 0
Fluoride 29 15 0 0 0 0 0 0
Lead 28 15 0 0 0 0 0 0
Molybdenum 15 15 0 0 0 0 0 0
Strontium 15 15 6.7 0 6.7 0 6.7 0
Vanadium 15 15 20.0 6.7 20.0 6.7 20.0 6.7
Radioactive constituents
Gross alpha particle activity 27 15 0 0 0 0 0 0
Adjusted gross alpha particle activity 27 15 0 0 0 0 0 0
Radon-222 activity 15 15 0 0 0 0 0 0
Uranium 15 15 0 0 0 0 0 0
Inorganic constituents with SMCL benchmarks
Chloride 26 15 0 0 0 0 0 0
Iron 27 15 3.7 3.7 17 22 0 0
Manganese 27 15 0 3.7 0 6.7 0 6.7
Total dissolved solids (TDS) 26 15 7.7 0 13.3 0 13.3 0

*Based on the most recent analyses for each California Department of Public Health (CDPH) well during September 16, 2007, through September 16, 2010,
combined with data from U.S. Geological Survey (USGS)-grid wells.

2Grid-based aquifer-scale proportions are based on samples collected by the USGS from 15 grid wells during July through October 2010.
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Table C1F.  Aquifer-scale proportions for the Tertiary Volcanic Areas (TV) study area for inorganic constituents detected at high
or moderate relative concentrations in the Cascade Range and Modoc Plateau study unit, 2010, California Groundwater Ambient
Monitoring and Assessment Program (GAMA) Priority Basin Project.

[Tertiary Volcanic Areas study area covers 18.70 percent of the Cascade Range and Modoc Plateau study unit. Relative-concentration (RC) categoriesfor
inorganic constituents: High, RC greater than 1.0, RC less than or equal to 1.0 and greater than 0.5; low, RC less than or equal to 0.5. RC defined as measured
value divided by benchmark value. Inorganic constituents not listed in this table either do not have benchmarks or were detected only at low RCs. Benchmark
types and valueslisted in table 44. Other abbreviations: SMCL, secondary maximum contaminant level]

Raw occurrence Aquifer-scale proportions
Constituent Number frequency : : (percent) :
(percent) Spatially weighted Grid-based
Wells  Cells Moderate-RC High-RC Moderate-RC High-RC  Moderate-RC High-RC
Nutrients
Ammonia 15 15 0 0 0 0 0 0
Nitrate 38 15 0 0 0 0 0 0
Trace elements
Arsenic 21 15 0 0 0 0 0 0
Boron 18 15 5.6 111 22 133 0 133
Fluoride 23 15 0 0 0 0 0 0
Lead 18 15 0 0 0 0 0 0
Molybdenum 15 15 0 6.7 0 6.7 0 6.7
Strontium 15 15 0 0 0 0 0 0
Vanadium 17 15 0 0 0 0 0 0
Radioactive constituents
Gross alpha particle activity 22 14 0 0 0 0 0 0
Adjusted gross apha particle activity 22 15 0 0 0 0 0 0
Radon-222 activity 15 15 0 0 0 0 0 0
Uranium 16 15 0 0 0 0 0 0
Inorganic constituents with SMCL benchmarks
Chloride 21 15 0 45 0 6.7 0 6.7
Iron 22 15 0 9.1 0 5.6 0 0
Manganese 22 15 0 45 0 33 0 0
Total dissolved solids (TDS) 22 15 0 45 0 6.7 0 6.7

1Based on the most recent analyses for each California Department of Public Health (CDPH) well during September 16, 2007, through September 16, 2010,
combined with data from U.S. Geologica Survey (USGS)-grid wells.

2Grid-based aguifer-scale proportions are based on samples collected by the USGS from 15 grid wells during July through October 2010.



Appendix D. Radioactivity

The class of radioactive constituents includes constituents
with abundances commonly measured as activities rather than
concentrations. Activity is measured in units of picocuries
per liter (pCi/L), and one picocurie equals approximately
two atoms decaying per minute. WWhen atoms decay, they
release alpha or beta particles, and (or) gamma radiation.
Gross apha particle activity is ameasure of the total activity
of non-volatile isotopes decaying by apha emission. The
U.S. Environmental Protection Agency maximum contaminant
level (MCL-US) (15 pCi/L) for gross alpha particle activity
appliesto adjusted gross alpha particle activity, which is equal
to the measured gross alpha particle activity minus uranium
activity (U.S. Environmental Protection Agency, 2000). Data
collected by the U.S. Geologica Survey (USGS) Groundwater
Ambient Monitoring and Assessment (GAMA) and data
compiled in the California Department of Public Health
(CDPH) database are reported as gross a pha particle activity
without correction for uranium activity (“unadjusted”). Gross
alpha particle activity is used as a screening tool to determine
whether other radioactive constituents must be analyzed. For
regulatory purposes, analysis of uranium is only required
if gross alpha particle activity is greater than 15 pCi/L
(Cdlifornia Department of Public Health, 2013b); therefore,
the CDPH database contains substantially more data for gross
alpha particle activity than for uranium. As aresult, it is not
always possible to calculate adjusted gross alpha particle
activity. For this reason, results for unadjusted gross alpha
particle activity (that is, without correction for uranium) are
the primary data used in the status assessments made by the
USGS-GAMA for Priority Basin Project study units. Results
for adjusted gross apha particle activity also are given in this
report for comparison (zables 8 and C14-F).

USGS-GAMA reports data for two measurements of
gross alpha particle activity, counted 72 hours and 30 days
after sample collection. Regulatory sampling for gross alpha
particle activity permits use of quarterly composite samples
(Cdlifornia Department of Public Health, 2013b). The
composite samples sent by water agencies to laboratories for
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analysis may be mixtures of four samples collected 9 months,
6 months, 3 months, and a few days before submission.
Because of these long holding times for CDPH data, the
USGS-GAMA gross apha 30-day count data could be more
appropriate to use when combining USGS-GAMA and CDPH
datasets. The 30-day count data were used in this study. Gross
alpha particle activity in agroundwater sample can change
with time after sample collection because of the radioactive
decay of parent isotopes and ingrowth and subsequent decay
of radioactive daughter isotopes (activity can increase or
decrease depending on sample composition and holding time)
(Arndt, 2010).
Most uranium results in the CDPH databases are

reported as activities because the maximum contaminant level
(MCL-CA) for uranium is 20 pCi/L. Uranium activities for
CDPH wells, reported in pCi/L, were converted to uranium
concentrations, reported in micrograms per liter (ug/L), by
using a conversion factor derived from data collected by
USGS-GAMA for the CAMP study unit. Activities of the
three dominant uranium isotopes, uranium-234, -235, and
-238, were measured in 20 CAMP study unit USGS-grid wells
(Shelton and others, 2013). Total uranium activity is equal to
the sum of the activities of these three isotopes (Arndt, 2010).
Linear regression of the uranium concentration and uranium
activity datafrom these 20 samplesyield the following
relation with r>=0.998, and the slope of the regression equation
was used as the conversion factor.

U —

mass

1.35xU, — 028 (D1)

where
U.. istheconcentration of uraniumin pg/L, and
U, istheactivity of uraniumin pCi/L.

Total uranium activity is assumed to equal the sum of the
activities of the three uranium isotopes, uranium-234, -235,
and -238.
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https://www.federalregister.gov/articles/2000/12/07/00-30421/national-primary-drinking-water-regulations-radionuclides-final-rule
https://www.federalregister.gov/articles/2000/12/07/00-30421/national-primary-drinking-water-regulations-radionuclides-final-rule
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Noble gas data provided by the Lawrence Livermore References Cited
National Laboratory that were not available at the time of
publication of the Data-Series Report (Shelton and others, Shelton, J.L., Fram, M.S., and Belitz, Kenneth, 2013,
2013) are tabulated in this appendix (table E1). Groundwater-quality datain the Cascade Range and Modoc

Plateau study unit, 2010, Results from the California
GAMA Program: U.S. Geological Survey Data Series 688,
124 p., http://pubs.er.usgs.gov/publication/ds688.

Table E1. Results for analyses of noble gases by Lawrence Livermore National Laboratory for samples collected for the Cascade
Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA)
Priority Basin Project.

[The five digit number in parentheses below the constituent name is the U.S. Geological Survey parameter code used to uniquely identify a specific constituent
or property. Other abbreviations: cm*STP/gH,0, cubic centimeters at standard temperature and pressure per gram of water; x, times, na, not available]

Helium-3/ Helium-4 Neon Argon Krypton Xenon

GAMA Helium-4 (85561) (61046) (85563) (85565) (85567)
identification (atom ratio) x 107 x 107 x10-* x10° x10-¢

number (61040)
x 10 (cm*STP/gH,0)
Eastside Sacramento Valley study area (ES)

CAMP-ES-01 151 0.42 1.84 3.39 7.76 112
CAMP-ES-02 1.07 19.80 41.09 7.94 27.21 251
CAMP-ES-03 1.30 0.22 1.00 243 5.34 0.84
CAMP-ES-04 0.84 10.02 14.48 8.59 13.55 1.50
CAMP-ES-05 1.46 0.52 2.10 3.82 8.40 1.18
CAMP-ES-06 0.96 0.91 2.18 3.37 8.24 1.18
CAMP-ES-07 142 0.48 2.06 3.43 8.35 117
CAMP-ES-08 1.39 0.52 2.19 3.64 8.16 1.18
CAMP-ES-09 1.26 0.61 1.97 311 6.94 0.97
CAMP-ES-10 1.38 0.49 211 3.29 7.25 1.03
CAMP-ES-11 1.40 0.48 2.10 3.57 7.92 114
CAMP-ES-12 1.38 0.42 1.84 3.33 7.91 112
CAMP-ES-13 1.40 0.46 2.10 3.48 7.94 1.15
CAMP-ES-14 1.32 0.49 191 3.12 7.10 0.99
CAMP-ES-15 1.19 0.62 194 3.17 7.13 1.01

Honey Lake Valley study area (HL)
CAMP-HL-01 1.68 3.77 7.25 5.46 9.27 1.02
CAMP-HL-02 0.90 0.98 2.65 4.05 8.78 117
CAMP-HL-03 2.66 44.18 1.99 3.37 7.91 111
CAMP-HL-04 1.15 0.62 2.13 3.57 8.22 1.13
CAMP-HL-05 1.62 0.46 191 3.25 7.50 1.04
CAMP-HL-06 0.96 3.10 5.30 4.62 9.14 1.15
CAMP-HL-07 na na na na na na

CAMP-HL-08 1.26 0.84 2.56 7.07 6.21 121
CAMP-HL-09 1.03 3.30 8.36 5.77 11.15 127
CAMP-HL-10 0.94 0.87 2.18 3.30 7.33 0.97

CAMP-HL-11 1.64 1.88 291 4.46 7.73 1.09


http://pubs.er.usgs.gov/publication/ds688
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Table E1. Results for analyses of noble gases by Lawrence Livermore National Laboratory for samples collected for the Cascade
Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA)
Priority Basin Project. —Continued

[The five digit number in parentheses below the constituent name is the U.S. Geological Survey parameter code used to uniquely identify a specific constituent
or property. Other abbreviations: cm*STP/gH,0, cubic centimeters at standard temperature and pressure per gram of water; x, times, na, not available]

Helium-3/ Helium-4 Neon Argon Krypton Xenon

GAMA Helium-4 (85561) (61046) (85563) (85565) (85567)
identification (atom ratio) x 107 x 107 x10* x 10 x10¢

number (61040)
x 10 (cm*STP/gH,0)
Honey Lake Valley study area (HL)
CAMP-HL-12 0.99 0.69 2.07 3.26 7.35 1.06
CAMP-HL-13 1.33 0.94 3.39 4.01 8.46 114
CAMP-HL-14 2.38 3.23 1.97 331 7.72 1.03
CAMP-HL-15 135 0.60 2.30 3.49 7.63 1.03
Cascade Range and Modoc Plateau Low-Use Basins study area (LU)
CAMP-LU-01 2.61 0.74 2.02 351 8.01 1.15
CAMP-LU-02 2.38 0.51 153 3.09 5.58 0.81
CAMP-LU-03 1.68 2.19 2.15 3.37 7.36 1.04
CAMP-LU-04 2.10 0.69 2.87 4.12 8.68 117
CAMP-LU-05 1.76 2.58 194 3.34 6.90 0.99
CAMP-LU-06 2.97 4.81 2.10 3.62 8.06 121
CAMP-LU-07 1.39 0.63 2.72 4.17 9.28 1.22
CAMP-LU-08 132 0.49 1.80 2.27 4.92 0.65
CAMP-LU-09 2.30 3.00 1.79 3.10 7.19 1.01
CAMP-LU-10 1.58 0.52 2.34 3.55 8.13 114
CAMP-LU-11 1.39 0.47 1.83 3.14 7.09 1.03
CAMP-LU-12 1.93 0.43 1.84 3.39 7.97 117
CAMP-LU-13 1.22 0.52 1.98 3.79 8.17 114
CAMP-LU-14 241 0.83 2.30 3.79 8.55 133
CAMP-LU-15 1.85 0.53 2.24 3.76 8.83 1.26
Quaternary Volcanic Areas study area (QV)
CAMP-QV-01 1.40 0.37 173 354 8.69 1.28
CAMP-QV-02 1.35 0.39 1.78 3.59 8.92 1.33
CAMP-QV-03 2.44 1.48 2.03 351 7.99 117
CAMP-QV-04 na na na na na na
CAMP-QV-05 1.61 0.46 1.92 3.62 8.72 1.29
CAMP-QV-06 1.00 0.78 1.83 3.07 6.97 0.97
CAMP-QV-07 1.39 0.42 191 3.60 8.81 1.26
CAMP-QV-08 2.56 0.53 1.98 3.50 8.34 1.19
CAMP-QV-09 na na na na na na

CAMP-QV-10 1.46 0.55 2.10 3.57 8.18 1.19
CAMP-QV-11 1.50 0.54 242 4.07 8.79 1.27
CAMP-QV-12 1.77 0.71 3.02 4.28 9.28 1.29
CAMP-QV-13 3.76 0.59 1.85 3.58 7.49 1.15
CAMP-QV-14 1.04 0.97 2.71 4.07 9.23 131

CAMP-QV-15 1.62 041 1.87 3.25 8.47 1.29
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Table E1. Results for analyses of noble gases by Lawrence Livermore National Laboratory for samples collected for the Cascade
Range and Modoc Plateau (CAMP) study unit, 2010, California Groundwater Ambient Monitoring and Assessment Program (GAMA)
Priority Basin Project. —Continued

[The five digit number in parentheses below the constituent name is the U.S. Geological Survey parameter code used to uniquely identify a specific constituent
or property. Other abbreviations: cm*STP/gH,0, cubic centimeters at standard temperature and pressure per gram of water; x, times, na, not available]

Helium-3/ Helium-4 Neon Argon Krypton Xenon

GAMA Helium-4 (85561) (61046) (85563) (85565) (85567)
identification (atom ratio) x 107 x 107 x10* x 10 x10¢

number (61040)
x 10 (cm*STP/gH,0)
Shasta Valley and Mount Shasta Volcanic Area study area (SH)
CAMP-SH-01 0.68 1.43 2.49 3.81 8.42 1.15
CAMP-SH-02 1.58 5.09 1.98 3.25 7.23 1.04
CAMP-SH-03 1.20 0.96 2.27 3.61 8.08 1.13
CAMP-SH-04 6.61 2.92 2.75 3.91 8.79 1.25
CAMP-SH-05 1.45 0.40 1.80 3.45 8.12 1.22
CAMP-SH-06 7.14 1.40 1.97 3.65 8.75 1.24
CAMP-SH-07 135 0.41 1.88 3.68 8.68 1.30
CAMP-SH-08 6.56 1.39 241 4.60 6.41 111
CAMP-SH-09 1.00 0.99 2.07 333 7.60 1.02
CAMP-SH-10 3.20 1.18 241 3.75 8.17 1.19
CAMP-SH-11 2.95 1.01 2.62 3.85 8.18 1.19
CAMP-SH-12 134 0.69 1.90 3.43 7.55 1.08
CAMP-SH-13 1.62 0.47 1.76 3.17 7.57 1.07
CAMP-SH-14 157 0.74 3.38 4.80 10.99 1.63
CAMP-SH-15 0.15 8.25 291 4.04 8.76 124
Tertiary Volcanic Areas study area (TV)

CAMP-TV-01 231 104.0 1.93 3.33 7.33 1.02
CAMP-TV-02 1.39 0.42 1.83 3.19 6.70 1.01
CAMP-TV-03 1.78 0.46 1.82 3.28 7.72 117
CAMP-TV-04 551 134 1.95 3.55 8.34 1.20
CAMP-TV-05 132 0.52 1.99 321 7.39 0.98
CAMP-TV-06 2.77 1.01 1.94 3.59 8.57 1.28
CAMP-TV-07 1.43 0.54 2.28 3.65 8.25 124
CAMP-TV-08 1.34 0.38 155 2.65 5.94 0.87
CAMP-TV-09 1.99 3.25 2.26 3.84 8.96 1.38
CAMP-TV-10 154 0.73 3.08 454 10.12 142
CAMP-TV-11 1.36 5.06 15.93 8.68 16.51 1.95
CAMP-TV-12 1.59 0.47 2.04 3.75 8.98 131
CAMP-TV-13 1.60 0.68 2.67 4.18 9.19 1.33
CAMP-TV-14 1.40 0.80 3.39 4.39 9.80 1.36

CAMP-TV-15 0.90 7.71 1.73 8.55 5.80 0.89
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