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to 1 part per million (ppm); 1 microgram per liter is equivalent to 1 part per billion (ppb);

1 nanogram per liter (ng/L) is equivalent to 1 part per trillion (ppt); 1 per mil is equivalent to 1 part
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Status and Understanding of Groundwater Quality in the
North San Francisco Bay Shallow Aquifer Study Unit,
2012: California GAMA Priority Basin Project

By George L. Bennett, V

Abstract

Groundwater quality in the North San Francisco Bay
Shallow Aquifer study unit (NSF-SA) was investigated as part
of the Priority Basin Project of the California Groundwater
Ambient Monitoring and Assessment (GAMA) Program. The
study unit is in Marin, Mendocino, Napa, Solano, and Sonoma
Counties and included two physiographic study areas: the
Valleys and Plains area and the surrounding Highlands area.
The NSF-SA focused on groundwater resources used for
domestic drinking water supply, which generally correspond
to shallower parts of aquifer systems than that of groundwater
resources used for public drinking water supply in the same
area. The assessments characterized the quality of untreated
groundwater, not the quality of drinking water.

This study included three components: (1) a status
assessment, which characterized the status of the quality of
the groundwater resources used for domestic supply for 2012;
(2) an understanding assessment, which evaluated the natural
and human factors potentially affecting water quality in those
resources; and (3) a comparison between the groundwater
resources used for domestic supply and those used for public
supply.

The status assessment was based on data collected
from 71 sites sampled by the U.S. Geological Survey for the
GAMA Priority Basin Project in 2012. To provide context,
concentrations of constituents measured in groundwater were
compared to U.S. Environmental Protection Agency (EPA)
and California State Water Resources Control Board Division
of Drinking Water regulatory and non-regulatory benchmarks
for drinking-water quality. The status assessment used a grid-
based method to estimate the proportion of the groundwater
resources that has concentrations of water-quality constituents
approaching or above benchmark concentrations. This method
provides statistically unbiased results at the study-area scale
and permits comparisons to other GAMA Priority Basin
Project study areas.

In the NSF-SA study unit as a whole, inorganic
constituents with human-health benchmarks were detected at
high relative concentrations (RCs) in 27 percent of the shallow
aquifer system, and inorganic constituents with secondary
maximum contaminant levels (SMCL) were detected at high
RCs in 24 percent of the system. The inorganic constituents
detected at high RCs were arsenic, boron, fluoride, manganese,
nitrate, iron, sulfate, and total dissolved solids (TDS). Organic
constituents with human-health benchmarks were detected
at high RCs in 1 percent of the shallow aquifer system.

Of the 148 organic constituents analyzed, 30 constituents
were detected, although only 1, chloroform, had a detection
frequency greater than 10 percent.

Natural and anthropogenic factors that could affect
the groundwater quality were evaluated by using results
from statistical testing of associations between constituent
concentrations and values of potential explanatory factors.
Groundwater age class (modern, mixed, or pre-modern), redox
class (oxic or anoxic), aquifer lithology class (metamorphic,
sedimentary, or volcanic), and dissolved oxygen
concentrations were the explanatory factors that explained
distribution patterns of most of the inorganic constituents best.
Groundwater classified primarily as pre-modern or mixed in
age was associated with higher concentrations of arsenic and
fluoride than waters classified as modern. Anoxic or mixed
redox conditions were associated with higher concentrations
of boron, fluoride, and manganese. Similar patterns of
association with explanatory variables were seen for inorganic
constituents with aesthetic-based benchmarks detected at
high concentrations. Nitrate and perchlorate had higher
concentrations in oxic than in the anoxic redox class and were
positively correlated with urban land use.

The NSF-SA water-quality results were compared to
those of the GAMA North San Francisco Bay Public-Supply
Aquifer study unit (NSF-PA). The NSF-PA was sampled in
2004 and covers much of the same area as the NSF-SA, but
focused on the deeper public-supply aquifer system.
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The comparison of the NSF-PA to the NSF-SA showed that
there were more differences between the Valleys and Plains
study areas of the two study units than between the Highlands
study areas of the two study units. As expected from the
shallower depth of wells, the NSF-SA Valleys and Plains study
area had a lesser proportion of pre-modern age groundwater
and greater proportion of modern age groundwater than the
NSF-PA Valleys and Plains study area. In contrast, well depths
and groundwater ages were not significantly different between
the two Highlands study areas. Arsenic, manganese, and
nitrate were present at high RCs, and perchlorate was detected
in greater proportions of the NSF-SA Valleys and Plains study
area than the NSF-PA Valleys and Plains study area.

Introduction

Groundwater can supply approximately half of
the water used for public and domestic drinking-water
supply in California at times (California Department of
Water Resources, 2016). 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 collaboration with the U.S. Geological Survey
(USGS) and Lawrence Livermore National Laboratory
(LLNL), implemented the Groundwater Ambient Monitoring
and Assessment (GAMA) Program (http://www.waterboards.
ca.gov/gama/). The SWRCB initiated the GAMA Program in
2000 in response to legislative mandates (State of California,
1999, 2001a). In 2017, the program had two active projects:
the GAMA Priority Basin Project (GAMA-PBP), carried
out by the USGS (http://ca.water.usgs.gov/gama/), and the
GeoTracker GAMA online groundwater information system,
led by the SWRCB (http://geotracker.waterboards.ca.gov/
gama/). The SWRCB’s GAMA Domestic Well Project
sampled private domestic wells on a voluntary, first-come-
first-served basis in six counties between 2002 and 2011. The
GAMA Priority Basin Project was initiated in response to
the Groundwater Quality Monitoring Act of 2001 to assess
and monitor the quality of groundwater in California, to
help identify and understand risks to groundwater resources
better, and to increase the availability of information about
groundwater quality to the public (State of California,
2001b). For the GAMA Priority Basin Project, the USGS, in
collaboration with the SWRCB, developed a monitoring plan
to assess groundwater basins through statistically reliable
sampling approaches (Belitz and others, 2003; California State
Water Resources Control Board, 2003).

From 2004 through 2012, the GAMA Priority Basin
Project assessed water quality for groundwater resources
used for public drinking water. The 35 study units sampled
in this first phase covered over 95 percent of the groundwater
water resources used for public supply statewide (Belitz
and others, 2015). Groundwater basins and areas outside of
basins were prioritized for sampling primarily on the basis
of the distribution of wells listed in the State of California’s
database of public-supply wells. The California Department of
Public Health Drinking Water Program, which regulated water
quality in public-supply wells, was transferred to the SWRCB
Division of Drinking Water (DDW) on July 1, 2014.

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. These groundwater resources
typically are shallower than the groundwater resources used
for public drinking-water supplies. For this phase of the
GAMA-PBP, a different method of prioritization was required
because there is no statewide database of domestic or small-
system wells with which to prioritize areas for sampling.

To prioritize shallow aquifers, California was divided into

938 groundwater units, corresponding to the 463 alluvial
groundwater basins defined by the California Department of
Water Resources (CDWR) and 453 areas outside of basins
(referred to as “highlands areas”; Johnson and Belitz, 2014).
The distribution of households relying on domestic wells

was estimated from U.S. Census data (U.S. Census Bureau,
1990) and water-use and well-location information compiled
from well-completion reports (WCRs) submitted to the
CDWR (Johnson and Belitz, 2014). The groundwater units
were prioritized for sampling on the basis of the number and
density of households relying on domestic wells. Groundwater
units were grouped into study units designed to facilitate
comparison of groundwater quality between the shallow
aquifer systems assessed in this second phase of the GAMA-
PBP and the deeper aquifer systems assessed in the first phase.
The North San Francisco Bay Shallow Aquifer study unit
(NSF-SA) was the first study unit assessed in the second phase
of the GAMA-PBP.

The NSF-SA is in the northern Coast Ranges
hydrogeologic province described by Belitz and others (2003;
fig. 1). The NSF-SA includes nearly all of the area included in
the GAMA Priority Basin Project assessment of groundwater
resources used for public drinking water in the north San
Francisco Bay as defined by Kulongoski and others, 2010,
as well as additional highlands areas around the groundwater
basins (fig. 2).


http://www.waterboards.ca.gov/gama/
http://www.waterboards.ca.gov/gama/
http://ca.water.usgs.gov/gama/
http://geotracker.waterboards.ca.gov/gama/
http://geotracker.waterboards.ca.gov/gama/
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The GAMA Priority Basin Project was designed to assess
the status of the quality of the groundwater resources, identify
natural and human factors likely affecting groundwater
quality, and monitor changes in groundwater quality. These
three objectives were modeled after those of the USGS
National Water-Quality Assessment (NAWQA) Project
(Hirsch and others, 1988). The sample collection protocols
used in this study are designed to obtain representative
samples of groundwater. The quality of groundwater can differ
from the quality of drinking water because water chemistry
can change as a result of contact with plumbing systems
or the atmosphere or because of treatment, disinfection, or
blending with water from other sources. The assessments
in this report apply to the depth zone in the aquifer system
containing groundwater resources used for domestic drinking
water. In many groundwater basins, domestic and small-
system wells typically are shallower than public-supply wells;
thus, the shallow aquifer system typically corresponds to the
depth zone tapped by domestic and small-system wells (for
example, Burow and others, 2008; Burton and others, 2012).
This separation of source water for domestic and public supply
can be less distinct in some groundwater basins and in areas
outside of groundwater basins, however.

This USGS scientific investigations report (SIR) is
similar to other USGS SIRs written for the GAMA-PBP study
units sampled to date and is the second in a series of reports
presenting the water-quality data collected in the NSF-SA.
Reports addressing the status, understanding, and trends of the
water-quality assessments done by the GAMA Priority Basin
Project are available from the USGS (http://ca.water.usgs.gov/
gama/includes/ GAMA _publications.html) and the SWRCB
(http://www.swrcb.ca.gov/gama/).

The purposes of this report are to provide the following:
a description of the hydrogeologic setting of the NSF-SA, an
assessment of the groundwater quality in the shallow aquifer
system of the NSF-SA in 2012, a general identification of
natural and anthropogenic factors that could be affecting
groundwater quality, and a comparison between the quality
of groundwater in the shallow aquifer system and the quality
of groundwater resources used for public drinking water.
Temporal trends in groundwater quality in the shallow and
public-supply aquifer systems are not discussed in this report.

Features of the hydrogeologic setting are described for
the two study areas; features of specific alluvial basins and
delineated hard-rock aquifers are not discussed. Geology, land-
use patterns, and hydrology of the study unit are summarized.
Characteristics of groundwater resources used for domestic
drinking water, including overlying land-use characteristics,
depth and hydrologic conditions, geologic characteristics, and
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groundwater age and geochemical conditions, are described
by using ancillary data compiled for the groundwater sites
sampled by USGS for GAMA (USGS-GAMA) in the
NSF-SA.

The status assessment was designed to provide a
statistically representative characterization of groundwater
resources used for domestic drinking water at the study-area
scale for the time period of the assessment (Belitz and others,
2003, 2010, 2015). This report describes methods used in
designing the sampling network 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 groundwater resource having
groundwater of defined quality (Belitz and others, 2010).
Water-quality data from 70 wells sampled by USGS-GAMA
for the NSF-SA (Bennett and Fram, 2014) were used for the
status assessment. Aquifer-scale proportions for constituents
and classes of constituents were computed for the NSF-SA
as a whole and separately for the two study areas in the study
unit (the Valleys and Plains and the Highlands) by using a
stratified-random sampling design (the USGS grid method)
based on a 70-cell grid covering the study unit (Belitz and
others, 2010, 2015).

To provide context, the water-quality data discussed in
this report were compared to California and Federal regulatory
and non-regulatory benchmarks for treated drinking water
delivered by public water systems. 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 shallow
aquifer system of the study unit. The State of California
does not regulate the quality of drinking water provided by
domestic wells.

The evaluation of natural and human factors that could
be affecting groundwater quality in the study unit is based
primarily on relations between groundwater quality and
potential explanatory factors. These relations are examined
with statistical tests and graphical analyses and are discussed
in the context of the hydrogeologic setting of the study unit.
Data for the following potential explanatory factors were
evaluated: aquifer lithology, land use, hydrologic conditions,
depth, groundwater age, geochemical conditions, underground
storage tank density, and septic tank density. Connections
between potential explanatory factors and water quality are
evaluated using statistical tests for correlations and by analysis
of graphical relations.


http://ca.water.usgs.gov/gama/includes/GAMA_publications.html
http://ca.water.usgs.gov/gama/includes/GAMA_publications.html
http://www.swrcb.ca.gov/gama/
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Comparisons between groundwater resources used for
domestic drinking water and those used for public drinking
water supply were made by comparing results from the
NSF-SA (domestic drinking-water sources) samples to results
obtained by the GAMA-PBP sampling of the North San
Francisco Bay Public-Supply Aquifer study unit (NSF-PA;
public drinking-water sources) in 2004 (Kulongoski and
others, 2006, 2010). The purpose of the comparison is to
identify differences in the quality of groundwater between the
study units. Direct comparisons between the two study units
could be made after evaluating and compensating for subtle
differences in the designs of each study unit, discussed in the
“Comparison of Shallow and Public-Supply Aquifer Systems”
section. Differences in numerous study-unit characteristics,
for example, well construction and the results of water-quality
analyses in each study unit, were then identified and discussed
at study-unit and study-area scales.

Hydrogeologic Setting

The NSF-SA covers an area of approximately
4,790 square kilometers (km?), in parts of Napa, Sonoma,
Mendocino, Marin, and Solano Counties in northern California
(fig. 2). The study unit was divided into two study areas, the
Valleys and Plains study area and the Highlands study area.

Valleys and Plains Study Area

The NSF-SA Valleys and Plains study area covers nearly
1,295 km? and includes five CDWR-defined groundwater
basins, some of which have multiple subbasins: Napa-
Sonoma, Santa Rosa, Kenwood, Petaluma, and Alexander
Valleys (California Department of Water Resources, 2003,
2004a—e, 2014a—e; Bennett and Fram, 2014). The study area
covers a slightly smaller area than the NSF-PA Valleys and
Plains study area of Kulongoski and others (2006, 2010). The
groundwater basins are part of a series of northwest-southeast
trending structural depressions in the southern part of the
northern Coast Ranges province (Cardwell, 1958; Bailey and
others, 1964; Fox, 1983; Farrar and others, 2006; Metzger and
others, 2006). These basins consist of a relatively thin cover
of Quaternary alluvium overlying a thick section of Neogene
volcanics and sedimentary rocks, Cretaceous sedimentary
rocks, Franciscan Complex sedimentary and metamorphic
rocks of late-Jurassic to Miocene age, and Jurassic serpentinite
(Bailey and others, 1964; Fox, 1983). The main water-bearing
units in the basins are the alluvial sediments that range in age
from Tertiary to Quaternary and are underlain and interbedded
with Tertiary volcanic deposits (California Department
of Water Resources, 2003, 2004a—e, 2014a—¢). Notable
groundwater units in the Valleys and Plains study area include
Quaternary alluvial deposits, the Glen Ellen and Merced

Formations of Pliocene—Pleistocene age, and the Sonoma
Volcanics of Miocene—Pliocene age.

Groundwater in the alluvium generally is unconfined and
moves under a natural hydraulic gradient that conforms in a
general way to the surface topography (Faye, 1973; Farrar
and others, 2006; Metzger and others, 2006). Groundwater is
recharged to the alluvial aquifers by stream-channel infiltration
beneath the major rivers and their tributaries and by direct
infiltration of precipitation on alluvial fans, with only minor
recharge resulting from irrigation or other sources (Farrar and
others, 2006; Metzger and others, 2000).

Highlands Study Area

The Highlands study area covers about 2,435 km?;
topography ranges from rolling hills and rounded hilltops to
mountainous, with mountain elevations reaching more than
1,220 m. The study area is composed of a wide variety of
geologic units with Tertiary volcanic rocks (primarily the
Sonoma Volcanics) and Cretaceous marine rocks (primarily
the Franciscan Complex) predominating (Weaver, 1949;
Cardwell, 1958; Kunkel and Upson, 1960). Important water-
bearing units in these rocks are often those with the highest
porosities and transmissivities, which for the volcanic rocks
are the tuffs (consolidated volcanic ash) and breccias (angular
rock fragments) and for marine rocks are the conglomerates
and sandstones (Farrar and others, 2006).

The Highlands study area includes the highlands area
groundwater units (Johnson and Belitz, 2014) associated with
the groundwater basins that define the Valleys and Plains
study area. The Wilson Grove Formation Highlands also is
included in the Highlands study area, although it is defined
as a groundwater basin by CDWR (California Department
of Water Resources, 2014f). The Wilson Grove Formation
Highlands are characterized by gently rolling hills, broad
valleys, and rounded hilltops between the Santa Rosa Valley
and the Pacific Ocean. The water-bearing units of the Wilson
Grove Formation Highlands are primarily composed of marine
deposits that contain fine-grained, fossiliferous sandstones
with lenses of conglomerate and sandy shale underlain by the
Franciscan Complex (Fox, 1983).

Methods

This section describes the methods used for the status
assessment and understanding assessment of water quality
in the NSF-SA. Methods used for compiling data for the
potential explanatory factors are described in appendix 1.
Methods used to collect and analyze groundwater samples are
described and results for the quality-control data are evaluated
by Bennett and Fram (2014).



Status Assessment

The status assessment was designed to provide a
quantitative summary of groundwater quality in the shallow
aquifer system of the NSF-SA. 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) calculating aquifer-scale
proportions.

Groundwater Quality Defined as Relative
Concentrations

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

U.S. Environmental Protection Agency, 1986; Toccalino and
others, 2004; Toccalino and Norman, 2006; Rowe and others,
2007).

An RC value less than 1.0 indicates that the sample
concentration was less than the benchmark concentration,
and an RC value greater than 1.0 indicates that the
sample concentration was greater than the benchmark
concentration. The use of RCs permits comparison on a
single scale for constituents that can be present at a wide
range of concentrations. The 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 by public water
supply systems, not to untreated groundwater. To provide
some context for the results, however, concentrations
of constituents measured in the untreated groundwater
were compared to benchmarks established by the
U.S. Environmental Protection Agency (EPA), California State
Water Resources Control Board Division of Drinking Water
(SWRCB-DDW), and USGS. The benchmarks used for each
constituent were selected in the following order of priority:

1. Regulatory, health-based levels established by the
SWRCB-DDW and the EPA: SWRCB-DDW and EPA
maximum contaminant levels (MCL-CA and MCL-US,
respectively), EPA action levels (AL-US), and EPA treat-
ment technique levels (TT-US; California State Water
Resources Control Board, 2015a; U.S. Environmental
Protection Agency, 2016).
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2. Non-regulatory, health-based levels established by
USGS, EPA, and SWRCB-DDW: USGS health-based
screening levels (HBSL), EPA lifetime health advi-
sory levels (HAL-US), EPA risk-specific doses for a
1:100,000 risk level (RSD5-US), and SWRCB-DDW
notification levels (NL-CA; U.S Environmental Protec-
tion Agency, 2012; Toccalino and others, 2014; Califor-
nia State Water Resources Control Board, 2015a).

3. Non-regulatory, aesthetic-based levels established by
SWRCB-DDW: secondary maximum contaminant levels
(SMCL-CA,; California State Water Resources Control
Board, 2015a). The salinity indicators chloride, sulfate,
and total dissolved solids (TDS) have recommended and
upper SMCL-CA levels, and the values for the upper
levels were used as water-quality benchmarks in this
report.

For constituents with multiple types of benchmarks,
this hierarchy might not result in selection of the benchmark
with the lowest concentration. Additional information on
the types of benchmarks and listings of the benchmarks for
all constituents analyzed are provided by Bennett and Fram
(2014).

Toccalino and others (2004), Toccalino and Norman
(2006), and Rowe and others (2007) used the ratio
of measured sample concentration to the benchmark
concentration, either MCL-US or HBSL, and defined this ratio
as the benchmark quotient (BQ). The term RC is used in this
report rather than BQ because their respective values are not
the same for the 20 constituents that have MCL-CA values
that differ from their Federal counterpart MCL-US values.
Disagreement also applies to the 11 constituents that have
neither MCL-US nor HBSL values (thus, no associated BQ).

For ease of discussion, RCs of constituents were
classified into low, moderate, and high categories. The
RC values greater than 1.0 were defined as “high” for all
constituents. For inorganic constituents (trace elements,
nutrients, radioactive constituents, and other 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 less
than or equal to 0.1 were defined as “low.” Although more
complex classifications could be devised on the basis of 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 a consistent objective criterion
for distinguishing constituents present at moderate, rather than
low, concentrations.
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The boundary between low and moderate RC is not
intended as a demarcation of the presence of contamination
from anthropogenic sources. For example, 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 plus nitrite, referred to simply as 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 sources to be
categorized as a low RC for nitrate. For this study, nitrate and
the other nutrient constituents were categorized as inorganic
constituents, and the boundary between low and moderate
RCs was set at 0.5. Similarly, groundwater containing
anthropogenic organic constituents with RCs less than 0.1
was classified as having a low RC for organic constituents,
even though contamination from anthropogenic sources was
present.

Dataset Used for Status Assessment

Groundwater-quality data used for the status assessment
came from sites sampled by the USGS for the GAMA-PBP
(fig. 3). Detailed descriptions of the methods used to identify
sites for sampling are given in Bennett and Fram (2014).
Briefly, the NSF-SA was divided into two study areas, the
Highlands and the Valleys and Plains. Each study area was
divided into equal-area grid cells (Scott, 1990)—40 cells
of 60 km? each in the Highlands study area and 30 cells of
30 km? each in the Valleys and Plains study area. In each
cell, one groundwater site (most often a well, but springs
were also considered) was randomly selected to represent the
groundwater resource used for domestic supply in the cell.
Sites were selected from lists of domestic-supply sites in each
grid cell; lists were compiled using drillers’ log information
obtained from CDWR. The target lists of domestic-supply
sites were then taken into the field where door-to-door
canvassing was done, beginning with the site nearest to a
randomly selected location in the grid cell to ensure random
selection of sites. The USGS sampled one site in each of
the 70 grid cells. Of the sites sampled, 4 were springs used
for domestic drinking water, and the other 66 sites were
domestic wells. The USGS grid sites were named with an
alphanumeric GAMA identification consisting of the prefix
“S-NSF-H” or “S-NSF-VP” (indicating Highlands or Valleys
and Plains study areas, respectively) and a number indicating
the order of sample collection. One extra site was sampled
by USGS (S-NSF-HU30); two sites were sampled in the
same cell (S-NSF-HU30 and S-NSF-H30). Site S-NSF-HU30

was selected and sampled initially, but this well was much
shallower than the majority of the domestic wells in the cell
and therefore was not considered representative of the targeted
groundwater resource. As a result, S-NSF-HU30 was excluded
from the status assessment, and the replacement site was
named S-NSF-H30.

Samples collected from all sites were analyzed for
205 constituents (table 1). Water-quality data collected by
USGS-GAMA are tabulated in Bennett and Fram (2014) and
also are available from the SWRCB’s database, GeoTracker
GAMA (http://www.waterboards.ca.gov/gama/geotracker
gama.shtml), and the USGS’s publicly accessible database,
NWISWeb (http://waterdata.usgs.gov/ca/nwis/).

Selection of Constituents for Discussion

Aquifer-scale proportions were calculated and are
presented for the 16 individual constituents that were present
at high or moderate RCs in samples from the 70 USGS
grid sites (table 2). Aquifer-scale proportion results also are
presented for chloroform because it had a detection frequency
of greater than 10 percent in samples from the USGS grid sites
(table 2).

An additional 39 inorganic and 24 organic constituents
were detected but either have no drinking-water quality
benchmarks or were only detected at low RCs (table 3).
Aquifer-scale proportions are not presented for constituents
only detected at low RCs because the proportion of the
groundwater resource having low RCs for those constituents
was 100 percent. Of the 205 constituents analyzed in samples
collected for the NSF-SA, 119 were not detected in any of the
samples (Bennett and Fram, 2014).

Calculation of Aquifer-Scale Proportions

A grid-based statistical approach (Belitz and others,
2010) was used to calculate the areal proportions of the
shallow aquifer system in the NSF-SA with high, moderate,
and low RCs of constituents. For ease of discussion, these
proportions are referred to as “high RC,” “moderate RC,” and
“low RC” aquifer-scale proportions. Aquifer-scale proportions
were calculated for each study area and for the study unit as
a whole. Calculations of aquifer-scale proportions were made
for individual constituents and for classes of constituents. The
classes consisted of groups of related individual constituents.
Aquifer-scale proportions for constituent classes were
calculated by using the maximum RC for any constituent in
the class to represent the class. For example, a site 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.


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

Methods 9

123° 122°30'
I I
38°45' -
38°30' =
38°15' =
PACIFIC OCEAN
San Pablo H4
Bay
38° | |

Base modified from U.S. Geological Survey and other Federal and State

0 5 10 MILES
digital data, various scales; Albers Equal-Area Conic projection, standard f T L !
parallels are 29° 30" and 45° 30'; North American Datum of 1983 0 5 10 KILOMETERS

EXPLANATION
D North San Francisco Bay Shallow ——  Grid cell boundary

Aquifer study unit boundary

- Highlands study area
|:| Valleys and Plains study area

Figure 3. Locations of grid cells, groundwater grid sites, and the extra site sampled for the North San Francisco Bay Shallow Aquifer
study unit (NSF-SA), 2012, California Groundwater Ambient Monitoring and Assessment (GAMA) Program Priority Basin Project.

Highlands study area extra site
Highlands study area grid site
Valleys and Plains study area grid site



10 Status and Understanding of Groundwater Quality in the North San Francisco Bay Shallow Aquifer Study Unit, 2012

Aquifer-scale proportions were calculated for each of the
study areas separately because cell sizes differed between the
study areas. High-RC aquifer-scale proportion was calculated
as the fraction of the USGS grid sites in the study area having
high RCs for a constituent (equation 1). The moderate-RC
aquifer-scale proportion was calculated similarly. Confidence
intervals for high-RC aquifer-scale proportions were computed
by using the Jeffreys interval for the binomial distribution
(Brown and others, 2001; Belitz and others, 2010).

pn st (1)
N
54
where
high
P;Zgh =34 s the high-RC aquifer-scale proportion for the
s4 study area SA,

N;'jgh is the number of cells in the study area
represented by a site having a high RC for
the constituent, and

Ny, is the number of cells in the study area having

a site with data for the constituent (the
value of this parameter is 30 for the Valleys
and Plains study area and 40 for the
Highlands study area, because all USGS
grid sites had data for all constituents
evaluated using equation 1).

High-RC aquifer-scale proportions for the study unit as a
whole were calculated as an area-weighted combination of the
aquifer-scale proportions for the two study areas (equation 2).
Moderate-RC aquifer-scale proportions for the study unit were
calculated similarly.

Py = ZFg, Py’ @
where ‘
P;Zgh is the area-weighted high-RC aquifer-scale
‘ proportion for the study unit NSF-SA,
P;;’gh is the high-RC aquifer-scale proportion for

each study area S4,

F, is the fraction of the study-unit gridded area
occupied by each study area S4, and
z is summation of the two study areas.

Study-unit detection frequencies for organic constituents
also were calculated as area-weighted detection frequencies.
The detection frequency in each study area was calculated
by using equation 1 with N ;’;gh replaced by the number of
samples with detections, and then the detection frequency for
the study unit as a whole was calculated by using equation 2
after making the corresponding replacement. 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 Bennett and
Fram (2014).

Understanding Assessment

For the understanding assessment, groundwater quality
was viewed in a physical and chemical context framed by
the potential explanatory factors. The GAMA Priority Basin
Project uses statistical tests of associations between potential
explanatory factors and water-quality conditions to infer
processes that could be affecting water quality in a study unit.
Methods used for the understanding assessment included
(1) selecting constituents for additional evaluation in the
understanding assessment and (2) applying statistical tests of
relations between potential explanatory factors and selected
ground