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Foreword

The U.S. Geological Survey (USGS) is committed to providing the Nation with reliable scientific information
that helps to enhance and protect the overall quality of life and that facilitates effective management of
water, biological, energy, and mineral resources (http://www.usgs.gov/). Information on the Nation’s water
resources is critical to ensuring long-term availability of water that is safe for drinking and recreation and is
suitable for industry, irrigation, and fish and wildlife. Population growth and increasing demands for water
make the availability of that water, measured in terms of quantity and quality, even more essential to the
long-term sustainability of our communities and ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program in 1991 to support
national, regional, State, and local information needs and decisions related to water-quality management
and policy (http://water.usgs.gov/nawgqa). The NAWQA Program is designed to answer: What is the quality
of our Nation’s streams and groundwater? How are conditions changing over time? How do natural features
and human activities affect the quality of streams and groundwater, and where are those effects most
pronounced? By combining information on water chemistry, physical characteristics, stream habitat, and
aquatic life, the NAWQA Program aims to provide science-based insights for current and emerging water
issues and priorities. From 1991 to 2001, the NAWQA Program completed interdisciplinary assessments
and established a baseline understanding of water-quality conditions in 51 of the Nation’s river basins and
aquifers, referred to as Study Units (http://water.usgs.gov/nawga/studies/study_units.html).

National and regional assessments are ongoing in the second decade (2001-2012) of the NAWQA Program
as 42 of the 51 Study Units are selectively reassessed. These assessments extend the findings in the Study
Units by determining water-quality status and trends at sites that have been consistently monitored for
more than a decade, and filling critical gaps in characterizing the quality of surface water and groundwater.
For example, increased emphasis has been placed on assessing the quality of source water and finished
water associated with many of the Nation’s largest community water systems. During the second decade,
NAWOQA is addressing five national priority topics that build an understanding of how natural features and
human activities affect water quality, and establish links between sources of contaminants, the transport

of those contaminants through the hydrologic system, and the potential effects of contaminants on humans
and aquatic ecosystems. Included are studies on the fate of agricultural chemicals, effects of urbanization
on stream ecosystems, bioaccumulation of mercury in stream ecosystems, effects of nutrient enrichment on
aquatic ecosystems, and transport of contaminants to public-supply wells. In addition, national syntheses of
information on pesticides, volatile organic compounds (VOCs), nutrients, trace elements, and aquatic ecology
are continuing.

The USGS aims to disseminate credible, timely, and relevant science information to address practical and
effective water-resource management and strategies that protect and restore water quality. We hope this
NAWQA publication will provide you with insights and information to meet your needs, and will foster
increased citizen awareness and involvement in the protection and restoration of our Nation’s waters.

The USGS recognizes that a national assessment by a single program cannot address all water-resource
issues of interest. External coordination at all levels is critical for cost-effective management, regulation,
and conservation of our Nation’s water resources. The NAWQA Program, therefore, depends on advice
and information from other agencies—Federal, State, regional, interstate, Tribal, and local—as well as
nongovernmental organizations, industry, academia, and other stakeholder groups. Your assistance and
suggestions are greatly appreciated.

William H. Werkheiser
USGS Associate Director for Water
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Trace Elements and Radon in Groundwater Across the

United States, 1992-2003

By Joseph D. Ayotte, Jo Ann M. Gronberg, and Lori E. Apodaca

Abstract

Trace-clement concentrations in groundwater were
evaluated for samples collected between 1992 and 2003 from
aquifers across the United States as part of the U.S. Geological
Survey National Water-Quality Assessment Program. This
study describes the first comprehensive analysis of those data
by assessing occurrence (concentrations above analytical
reporting levels) and by comparing concentrations to human-
health benchmarks (HHBs). Data from 5,183 monitoring and
drinking-water wells representing more than 40 principal
and other aquifers in humid and dry regions and in various
land-use settings were used in the analysis. Trace elements
measured include aluminum (Al), antimony (Sb), arsenic
(As), barium (Ba), beryllium (Be), boron (B), cadmium (Cd),
chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb),
lithium (Li), manganese (Mn), molybdenum (Mo), nickel
(Ni), selenium (Se), silver (Ag), strontium (Sr), thallium (T1),
uranium (U), vanadium (V), and zinc (Zn). Radon (Rn) gas
also was measured and is included in the data analysis.

Climate influenced the occurrence and distribution of
trace elements in groundwater whereby more trace elements
occurred and were found at greater concentrations in wells in
drier regions of the United States than in humid regions. In
particular, the concentrations of As, Ba, B, Cr, Cu, Mo, Ni, Se,
Sr, U, V, and Zn were greater in the drier regions, where pro-
cesses such as chemical evolution, ion complexation, evapora-
tive concentration, and redox (oxidation-reduction) controls
act to varying degrees to mobilize these elements. Al, Co, Fe,
Pb, and Mn concentrations in groundwater were greater in
humid regions of the United States than in dry regions, partly
in response to lower groundwater pH and (or) more frequent
anoxic conditions. In groundwater from humid regions, con-
centrations of Cu, Pb, Rn, and Zn were significantly greater in
drinking-water wells than in monitoring wells.

Samples from drinking-water wells in dry regions had
greater concentrations of As, Ba, Pb, Li, Sr, V, and Zn, than
samples from monitoring wells. In humid regions, however,
concentrations of most trace elements were greater in moni-
toring wells than in drinking-water wells; the exceptions
were Cu, Pb, Zn, and Rn. Cu, Pb, and Zn are common trace
elements in pumps and pipes used in the construction of

drinking-water wells, and contamination from these sources
may have contributed to their concentrations. Al, Sb, Ba, B,
Cr, Co, Fe, Mn, Mo, Ni, Se, Sr, and U concentrations were
all greater in monitoring wells than in drinking-water wells in
humid regions.

Groundwater from wells in agricultural settings had
greater concentrations of As, Mo, and U than groundwater
from wells in urban settings, possibly owing to greater pH in
the agricultural wells. Significantly greater concentrations of
B, Cr, Se, Ag, Sr, and V also were found in agricultural wells
in dry regions. Groundwater from dry-region urban wells had
greater concentrations of Co, Fe, Pb, Li, Mn, and specific con-
ductance than groundwater from agricultural wells.

The geologic composition of aquifers and aquifer geo-
chemistry are among the major factors affecting trace-element
occurrence. Trace-element concentrations in groundwater
were characterized in aquifers from eight major groups based
on geologic material, including (1) unconsolidated sand and
gravel; (2) glacial unconsolidated sand and gravel; (3) semi-
consolidated sand; (4) sandstone; (5) sandstone and carbonate
rock; (6) carbonate rock; (7) basaltic and other volcanic rock;
and (8) crystalline rock. The majority of groundwater samples
and the largest percentages of exceedences of HHBs were
in the glacial and nonglacial unconsolidated sand and gravel
aquifers; in these aquifers, As, Mn, and U are the most com-
mon trace elements exceeding HHBs.

Overall, 19 percent of wells (962 of 5,097) exceeded
an HHB for at least one trace element. The trace elements
with HHBs included in this summary were Sb, As, Ba, Be,

B, Cd, Cr, Cu, Pb, Mn, Mo, Ni, Se, Ag, Sr, Tl, U, and Zn. Mn
occurred most often at concentrations greater than its human-
health benchmark (12 percent), followed by As (7.0 percent),
Sr (4.3 percent), U (4.0 percent), B (1.9 percent), and Mo

(1.5 percent). Rn occurred at concentrations greater than the
U.S. Environmental Protection Agency (USEPA) proposed
maximum contaminant level of 300 pCi/L in more than

65 percent of water samples, and concentrations of Rn in

2.7 percent of samples were greater than the USEPA-proposed
alternate maximum contaminant level of 4,000 pCi/L. There
were more exceedences of HHBs in the dry-region groundwa-
ter than in the humid-region groundwater.
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Groundwater pH and redox conditions were significant
factors for the occurrence of many trace elements. Low pH
(less than 7) was a significant factor in the occurrence of many
cationic metals, such as Al, Fe, Mn, and Ni; these metals, as
well as Cu, Pb, and Zn, adsorb more strongly to aquifer mate-
rials as pH increases. Anoxic conditions often were related to
the increased occurrence of many oxyanion-forming elements,
such as As, Cr, and Mo, whereas oxic conditions often were
related to higher Se occurrence. Groundwater redox and pH
effects were evident for As, Cr, Mo, and Se. Based on all
samples, As occurrence generally increased as geochemical
conditions became increasingly anoxic for groundwater with
pH less than 7, but was consistently high for samples with
pH greater than 7. A similar pattern was evident for Mo and,
to a lesser extent, Cr. For groundwater in aquifers in glacial
unconsolidated sand and gravel, however, As occurrence
increased as groundwater became increasingly anoxic and as
pH increased, indicating that redox is an important process
throughout the range of pH. Al, Cu, Pb, and Zn occurred
more often in low-pH groundwater and, except for Al, in
oxic conditions.

In general, older waters (mostly pre-1953) had more
occurrences of trace elements, greater pHs, were from deeper
wells, and had lower concentrations of dissolved oxygen
than younger waters (defined as waters containing a fraction
younger than 1953). Most oxyanion-forming trace elements
occurred more frequently in old groundwater. However,
although U occurrence was greater in older water collected
from dry-region aquifers, U occurred more often in young
water in humid-region aquifers. This difference may be related
to old, humid-region groundwater having lower concentrations
of dissolved oxygen, a condition which can inhibit U mobility.

Overall, As co-occurred primarily with silica (SiO,) and
Mo in water with slightly high pH. About 12 percent of water
samples without SiO, or Mo had concentrations of As greater
than or equal to 1 pg/L. This number increased to about
45 percent if either Mo or silica were present and to about
85 percent if both Mo and SiO, were present. From a subset
of water samples selected from 2,714 wells for co-occurrence
analysis, samples from 572 wells (21.1 percent) had HHB
exceedences of one or more trace elements. Of the 2,714
samples, 62 (2.3 percent) had two or more trace elements
that exceeded HHBs. Fifty of the 62 (80 percent) were from
unconsolidated sand and gravel aquifers and involved at least
As and Mn, Mn and U, or As and U.

Introduction

In 2000, groundwater accounted for about 46 percent
of water used in the United States, with about 31 percent of
use for public supply and about 15 percent from domestic
wells (also known as private wells). Total withdrawals
from groundwater have generally increased over the past
5 decades along with increases in population (Hutson and

others, 2004). For example, groundwater withdrawals of
freshwater increased by 9 percent from 1995 to 2000, and
population increased by 7 percent over the same period
(Hutson and others, 2004). Trace elements in groundwater
used for drinking have long been a concern because of
potential adverse effects on human health. Many trace
elements in drinking water can have adverse health effects at
high concentrations, whereas others may present aesthetic or
nuisance problems.

As used in this report, the term “trace elements” refers to
metals and semimetallic elements that typically are found in
concentrations less than 1 mg/L in natural waters (Hem, 1985).
These elements are mobilized primarily from rock weathering,
and their concentrations in groundwater reflect their presence
and abundance in aquifer materials, geochemical conditions
(such as pH and oxidation-reduction potential), the presence
and abundance of complexing ions and organic matter, and
attenuation processes such as adsorption (Hem, 1985; Salbu
and Steinnes, 1994). Human activities, such as mining and
waste disposal, also can affect concentrations of trace elements
in groundwater.

Studies worldwide have shown that high concentrations
of trace elements can have adverse effects on human health
(Wu and others, 1989; Haglund and others, 1996; Hopenhayn-
Rich and others, 1996; Cantor, 1997; Karagas and others,
1998; National Academy of Sciences, 1999; Chappell and
others, 2001; Karagas and others, 2001; Smedley and oth-
ers, 2001; Kendall and Smith, 2002; Smedley, 2003; Seiler,
2004; Selinus and others, 2005; Wasserman and others, 2006;
Meliker and others, 2007; Walker and others, 2008). Several
trace elements, including arsenic, cadmium, chromium, lead,
and radon gas, have known and established toxicity (Selinus
and others, 2005). Other trace elements, such as copper and
selenium, in too small an amount, can cause adverse health
outcomes (Selinus and others, 2005; Chrosniak and others,
2006). Because many trace elements are widely dispersed in
rocks and unconsolidated materials, the individual occurrence
rate of a specific trace element may be low, but the overall
chance of having at least one trace element of concern in a
water sample may be relatively high. Because of differences
in well characteristics and regulations, concentrations of trace
elements in groundwater from domestic wells could differ
from those in groundwater withdrawn from public wells. Thus,
the distinction between drinking waters supplied by public and
domestic wells may be a significant factor for health scientists
assessing exposure to trace elements through drinking water.

The National Water-Quality Assessment
Program

Knowledge of the quality of the Nation’s streams and
aquifers is important because of the effect on human and
aquatic health and the substantial costs associated with deci-
sions involving land and water management, conservation, and
regulation. Understanding regional patterns and environmental



factors affecting trace-element concentrations in streams and
groundwater is essential for effectively developing programs
to manage and protect these water resources and human
health. The U.S. Geological Survey (USGS) National Water-
Quality Assessment (NAWQA) Program was implemented

in 1991 to improve the scientific and public understanding of
water quality in the Nation’s major river basins and groundwa-
ter systems. The goals of the NAWQA Program are to describe
current water-quality conditions and trends in the Nation’s
rivers and groundwater to determine the natural characteristics
and human influences that affect water quality (Gilliom and
others, 1995).

Groundwater quality in the United States has been char-
acterized by the NAWQA Program through studies that use
nationally consistent methods and are distributed within 51
major river basins and aquifers nationwide (figs. 1A and B).
The analysis in this report is based on NAWQA Program data
collected from 1992 to 2003. More information on the design,
components, and current activities of the NAWQA Program
is available (Gilliom and others, 1995; Lapham and others,
1995; Rosen and Lapham, 2008). Prior to 1999, trace-element
sampling in groundwater was mainly done for NAWQA major
aquifer studies (MASs) and to a lesser extent for agricultural
and urban land-use studies (LUSs). Trace-element sampling
was fully implemented in the NAWQA Program in 1999.

Purpose and Scope

The primary purpose of this report is to describe the
occurrence and distribution of 23 trace elements and radon
(Rn) in water from wells sampled by the USGS NAWQA
Program from 1992 to 2003. The term occurrence is used
in this report to describe concentrations of trace elements
above a specified analytical reporting level—in most cases
1 pg/L, unless otherwise noted. The analyses presented are
based on single samples from 5,183 wells. The trace elements
evaluated include aluminum (Al), antimony (Sb), arsenic
(As), barium (Ba), beryllium (Be), boron (B), cadmium (Cd),
chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb),
lithium (Li), manganese (Mn), molybdenum (Mo), nickel
(Ni), selenium (Se), silver (Ag), strontium (Sr), thallium
(T1), uranium (U), vanadium (V), and zinc (Zn). Rn, a direct
decay product of ?*radium, was included because of its
known adverse effects on human health (U.S. Environmental
Protection Agency, 2010). Physical properties (pH, dissolved
oxygen (DO) concentration, specific conductance, and
water temperature) and concentrations of major inorganic
constituents and nutrients also were measured.

The occurrence and distribution of trace elements in
groundwater is described at the national scale and by major
aquifer group (groups of principal and other aquifers) with a
focus on areas where concentrations of trace elements from
wells exceed health-based standards. As part of this objective,
measured trace-element concentrations in groundwater are
compared to U.S. Environmental Protection Agency (USEPA)
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drinking-water standards and proposed standards (for Rn)—
including maximum contaminant levels (MCL), health
advisories (HA), and action levels (AL)—and to Health-
Based Screening Levels (HBSLs) published by the USGS
(Toccalino and Norman, 2006). Collectively, these are referred
to as human-health benchmarks (HHBs). Also compared are
selected secondary maximum contaminant levels (SMCL),
which are nonhealth guidelines.

Additional objectives include (1) the identification of
factors that relate to the occurrence of selected trace elements,
such as geochemistry, redox, and age of groundwater; and
(2) the analysis of co-occurrence of selected trace elements
in individual wells where more than one trace element
exceeds HHBs.

Previous Studies

It is beyond the scope of this report to provide a compre-
hensive bibliography of trace-element studies in the United
States. The reader is referred to several resources that provide
an excellent overview of previous studies of trace-element
sources and mobility (Freeze and Cherry, 1979; Drever,
1988; Hem, 1985). Few systematic evaluations of multiple
trace elements in groundwater at the scale of this study have
been undertaken in the United States. Selected national- and
regional-scale studies that are particularly relevant to the cur-
rent analysis are listed in appendix 1.

Previous studies of trace elements in groundwater
throughout the United States have identified important rela-
tions among controls on occurrence and mobility. Also, the
literature on factors that govern trace-element sources and
mobility in specific regions of the United States is extensive,
and some studies have compared data across regions. In most
studies, however, only one trace element was assessed, or
a few trace elements from a particular group (such as As or
selected radionuclides) were evaluated, leaving gaps in the
available information to assess trace-element occurrence and
no opportunity to assess the co-occurrence of trace elements.

Water-Quality Benchmarks for Human Health

The human-health benchmarks used in this study include
MCLs and ALs established by the USEPA for public-water
supplies (U.S. Environmental Protection Agency, 2004) and
HBSLs derived from the analysis of toxicology data for
specific contaminants (Toccalino and Norman, 2006). In most
cases, the HBSLs are equivalent to USEPA HAs, although
HBSLs are updated more often as new toxicological data
become available. Although not all of the wells analyzed for
this report were used for drinking water, they were all selected
with the aim of characterizing trace-element concentrations in
aquifers across the United States. Thus, comparisons of trace-
element concentrations to HHBs are not intended to represent
potential exposure but rather to indicate where and under what
conditions groundwater in important aquifers is affected. The
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USEPA has established enforceable MCLs for Sb, As, Ba, Be,
Cd, Cr, Se, T1, and U. ALs have been established for Cu and
Pb, and exceedence of these ALs triggers possible treatment or
other requirements for a water system. Currently an MCL and
alternative MCL (AMCL) have been proposed for Rn. HBSLs,
similar to USEPA HAs, are acceptable levels based on health
information (nonenforceable) and have been established for B,
Mn, Mo, Ni, Ag, Sr, and Zn (Toccalino and Norman, 2006).
Nonhealth guidelines, such as SMCLs, are nonenforceable and
pertain to water aesthetics, such as for Al and Fe. Three of the
trace elements discussed in this report (Co, Li, and V) do not
have USEPA drinking-water standards (U.S. Environmental
Protection Agency, 2004) or HBSLs.

Methods

This study used data collected by the USGS NAWQA
Program to characterize trace-element concentrations in major
aquifer groups across the United States. The data were ana-
lyzed primarily by determining their distributions and compar-
ing those distributions to factors such as climate, composition
of geologic materials, well types, well depths, pH, and redox
conditions. A variety of methods were used to develop the data
used in the analyses and to identify factors influencing trace
element concentrations in groundwater.

Well Selection

Wells included in this study are from NAWQA studies
designed to describe the quality of water withdrawn from
major aquifers and used for drinking (termed major aquifer
studies or MASs) and studies of shallow groundwater within
specific land-use settings (termed land-use studies or LUSs)
(Gilliom and others, 1995). MASs focused on the quality
of groundwater resources throughout an aquifer and used
data mostly from existing supply wells irrespective of depth.
LUSs targeted the uppermost recently recharged groundwater
to identify the effects of the overlying land use and used
data mostly from monitoring wells and some supply wells.
Individual MASs and LUSs are described in reports for
individual NAWQA study areas (see http://water.usgs.gov/
nawqa/). The sampling network for each study comprised
about 30 wells that were randomly selected within the target
area by a geographically distributed sampling method (Scott,
1990). A total of 5,183 wells from which geologic and
chemical data had been collected were from networks in 48
NAWQA study areas across the United States (fig. 1). The
actual numbers of wells used in the analyses were based on
whether or not a particular trace element was analyzed in
water from a well or on the availability of ancillary data for
that analysis. Additional information on sampling networks
and wells is shown in appendix 2.

Specific well-selection protocols designed by the
NAWOQA Program were used in the design of the MASs and
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LUSs (Lapham and others, 1995). Ancillary data for each well
were collected according to NAWQA protocols (Koterba and
others, 1995) and included latitude and longitude, topographic
setting, well depth, open interval, casing diameter and
material, geologic materials and (or) aquifers contributing
water to the well, static water level, potential point sources of
contamination near the well, and land use within 50 and 500 m
of the well.

Sample Collection and Analysis

Groundwater was collected and analyzed for trace ele-
ments, major ions, nutrients, tritium, chlorofluorocarbons
(CFCs), and other constituents in accordance with NAWQA
protocols (Koterba and others, 1995; Lapham and others,
1995). Prior to collection, wells were pumped until the water
temperature, DO, specific conductance, and pH were stable
(Koterba and others, 1995). Cleaned polytetrafluoroethylene
(PTFE) tubing with stainless-steel fittings was connected to
either a submersible pump or to a water line close to the
wellhead. Groundwater was collected at a flow rate of
0.5 L/min (0.0083 L/s) in a portable sampling chamber.
Samples for trace elements were passed through a 0.45-pum
disposable polypropylene capsule filter; the trace-element
samples were then acidified with ultra pure nitric acid to a
pH of less than 2. Trace elements were analyzed at the USGS
National Water Quality Laboratory in Denver, Colo., by using
inductively coupled plasma atomic-emission spectrometry
(ICP-AES), inductively coupled plasma mass spectrometry
(ICP-MS), graphite-furnace atomic-absorption spectrometry
(AA), or hydride generation atomic-absorption spectrometry
(Fishman and Friedman, 1989; Faires, 1993; McLain, 1993;
Ivahnenko and others, 1996; Garbarino, 1999; Ivahnenko and
others, 2001). Laboratory reporting levels (LRLs) generally
ranged from 0.2 to 1 pg/L, except for the LRLs for Fe and B,
which were higher. Concentrations of Rn were analyzed by
liquid scintillation methods; LRLs for Rn ranged from
52 to 80 pCi/L (Prichard and Gessell, 1977; Mullin and
Wanty, 1991).

Study Design

Several factors affect trace-element solubility and mobil-
ity. In this study, data were analyzed in relation to climate, the
geology of aquifer materials, aquifer geochemistry, and the
redox potential and pH of the groundwater. The ancillary data
used in the data analyses represent regional- to national-scale
conditions. Depending on the scale of the analysis, variables
such as climate, geology, pH, and redox can be used to explain
differences in trace-element concentrations in groundwater.
However, when concentrations of trace elements in groundwa-
ter are analyzed at the major aquifer scale, the effect of climate
becomes diminished because most aquifer groups are limited
in spatial extent and are in either predominantly dry or
humid regions.
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Climate

In general, concentrations of trace elements are greater in
drier climates of the United States, owing to processes such as
redox condition, ion competition, complexation, evaporative
concentration, and to more chemically evolved groundwater
conditions (Hem, 1985; Welch and others, 2000; McMahon
and Chapelle, 2008). To characterize general climatic condi-
tions in the United States, a climate variable indicating gener-
ally dry or generally humid conditions for North America was
used (fig. 2A) (Commission for Environmental Cooperation
Working Group, 1997). With a few exceptions, the western
United States has a generally dry climate, whereas the east
is generally humid (fig. 2A). Local studies have shown that
the effects of drier climates can favor increased groundwater
concentrations of trace elements, such as Se (Dubrovsky and
others, 1993; Seiler and others, 2003), As (Seiler, 2004; Thiros
and Manning, 2004), B, Mo, and U (Fujii and Swain, 1995;
Welch and Lico, 1998). In humid regions, by contrast, larger
groundwater fluxes and shorter groundwater residence times
may result in lower pH, favoring mobility of trace elements
such as Al, Fe, Mn, Pb, and Zn to a greater extent than in dry
regions. In addition, precipitation in much of the humid east
has been more acidic than in the west (National Atmospheric
Deposition Program, 2001) (fig. 2B); greater acidity can lead
to increased weathering of geologic materials containing trace
elements and potentially greater mobility of those elements in
groundwater young enough (post-1960) to be affected by that
precipitation (Jacks, 1993).

Aquifer Groups and Geology

Most trace elements in groundwater are derived
from minerals in the rocks and sediment through which
groundwater flows; thus, regional and subregional differences
in geology can have implications for trace-element occurrence
in groundwater. For example, some Cretaceous-age deposits
of the central Great Plains have been shown to contain labile
concentrations of As, B, Cr, Cu, Ni, Se, V, and U (Tourtelot,
1956). Some materials derived from these deposits have
been shown to be related to high concentrations of Se in
groundwater and surface water in parts of the western United
States (Seiler and others, 2003). Arsenic occurrence in
groundwater may be similarly controlled by availability in
aquifer materials, as well as by groundwater geochemistry
(Welch and others, 2000; Smedley and Kinniburgh, 2002;
Welch and Stollenwerk, 2003; Thomas, 2007). Aquifers in
some carbonate lithologies, such as the Floridan aquifer
system and parts of the Edwards-Trinity aquifer system in
Texas, have high concentrations of Sr that ultimately affect the
concentrations in the associated groundwater (Hanshaw and
Back, 1979; Back and others, 1988; Musgrove and Banner,
2004). Although most trace elements in groundwater are from
natural sources, it is important to note that the sources of some
trace elements in groundwater may be anthropogenic, and

that some naturally occurring trace elements can be mobilized
by anthropogenic activities (Bohlke, 2002; Seiler and others,
2003; Stollenwerk and Colman, 2004; Eberts and others, 2005;
deLemos and others, 2006; Dubrovsky and others, 2010;
Ayotte and others, 2011).

For this study, more than 40 aquifers were divided into
8 major aquifer groups based on the geologic materials from
which they derive water (table 1; fig. 3). These groups are
based on important aquifers in the United States (Miller, 2000)
and the principal aquifers of the United States map (U.S.
Geological Survey, 2003). Principal aquifers are defined as
aquifers that are regionally extensive and can yield useable
quantities of water (U.S. Geological Survey, 2003). The eight
major aquifer groups used in this report are (1) unconsolidated
sand and gravel aquifers; (2) glacial unconsolidated sand and
gravel aquifers; (3) semiconsolidated sand aquifers; (4) sand-
stone aquifers; (5) sandstone and carbonate-rock aquifers;

(6) carbonate-rock aquifers; (7) basaltic- and other volcanic-
rock aquifers; and (8) crystalline-rock aquifers.

In most cases, wells in the major aquifer groups used in
this study are predominantly in either dry or humid regions.
The primary exceptions are the wells in the unconsolidated
sand and gravel aquifers and the sandstone and carbonate-rock
aquifer groups, in which the number of wells is split more
evenly between dry and humid regions of the United States
(table 1).

Some principal aquifers (and aquifer systems) contain
deposits from multiple types of geologic materials. In this
study, however, the composition of geologic materials was
a primary factor in analyzing the water chemistry data so
that individual wells from the same principal aquifer could
be grouped into different categories based on rock type.

An example of this is the Valley and Ridge aquifers, which
are listed as sandstone and carbonate-rock aquifers on the
principal aquifer map of the United States (U.S. Geological
Survey, 2003) and described together in the Ground Water
Atlas of the United States (Miller, 2000). For this analysis, the
Valley and Ridge aquifers were separated into the sandstone
aquifer group and the carbonate-rock aquifer group. This was
done to account for differences in geochemical conditions,
which can differ widely between these rock types. In addition,
crystalline-rock aquifers in New York and New England
(Miller, 2000) and in the Rocky Mountain Front Range,
which are described as “other” aquifers on the principal
aquifers map of the United States (U.S. Geological Survey,
2003), were included in this report as unofficially named
aquifers in the crystalline-rock aquifer group. Also in this
report, unconsolidated deposits were separated into groups of
unconsolidated aquifers of glacial origin and unconsolidated
aquifers of nonglacial origin. The glacial sand and gravel
aquifers include deposits of both Laurentide and Cordilleran
continental glaciations (Warner and Arnold, 2006). Additional
information about aquifer groups, principal aquifers, and other
aquifers is available at http://water.usgs.gov/nawqa/studies/
praqg/ or http://pubs.usgs.gov/ha/ha730/gwa.html.


http://water.usgs.gov/nawqa/studies/praq/
http://water.usgs.gov/nawqa/studies/praq/
http://pubs.usgs.gov/ha/ha730/gwa.html
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Figure 2. (A)Generalized categories of oxidation-reduction potential (redox) in samples from wells in humid and dry regions of
the United States (Commission for Environmental Cooperation Working Group, 1997), and (B) pH of precipitation in 2001 (National
Atmospheric Deposition Program, 2001).



Trace Elements and Radon in Groundwater Across the United States, 1992-2003

“pueyur 3sayre) no doio
S)001 19P[O ‘[eIoudd uf ‘oFe ul AIeNI9] pue

QIAINH AYO
0 ‘sjun Suruyuods pue siojnbe SNOJ0E)AID) dI. SHJ0I AU [, "OULIBUW MO[[BYS woysAs 1opmbe spuejdn [e1se00 SEXA], 31
0z [euo13a1 ojur padnoid 2q ues syun Sug PUE “OIB)[Op ‘[BIANY SPN[OUI SJUSWUOIIAUD waysks 1o5mbe UIe[ [B1SE07) WINSEYINOS /0
axouy m oy -Uguoo pue siofmbe [800] Jo saouanbas Teuonisoda(] “09IXIA JO JIND) Y} PUL ULIO .
POXIA m ‘S[OAQ] 19JeM PUE SONSLIOIORIBYD JI[NBIPAT] JNUE[)Y 9} 19pIoq Jey) Sure[ [eIseo)) LIANSAS
g m 09 - " ’ . : IoJinbe urelq [8ISE0)) ONUEB[IY UIAYIION 91
110U} UI SOLIB[IWIS UO PIseq "W)SAS A} AI[IOPUN ‘SYO0I SJRUOGIED OWIOS YIIM : : :
08 1oymbe s1y) £q Ure[Iopun gaIe dy) ul AIe PapPaqIdUI ‘AB[O pUB [IS ‘pUBS PIJLPI[OS wIsAs 1oymbe judwkequio 1ddississiy SI
001 syun Suruguod pue s1ojimbe [eoo] Aue -UOJIWAS JO JSISU0D A[Lrewtid jey) sjuowIpas WoISAS 19JIbe Spue|Mo] [BISe0)) l
siayinbe pues pajepijosuoaiuag SIS
‘s1ojinbe [eran[[e owos sopnjouy
's3uIos 0130[09301pAY JualopIp Adnooo ued
awnH 0 o ‘[0A®IS pue pue ‘SUOTIIPUOD J[qe)-IdJeM IO “PauuodUn
Pues 1Y) JO ISISU09 s1ojinbe ay) a1oym Jopun Ajuewnd 191em urejuod ‘Aysorod
0 onurw sod suofesd (gQ‘¢ Se yonuw se are JenueldIoul Aq pazLdjorIeyd [9ARIS pue
axouy m ov  SIoymbe yisodop-reroes oy ur pjo[dwod pues pajeprjosuodun a1k siojinbe v 1o oy,
PoXIN . .
o0 . b STPM JOSPIAIX A3[[eA QU] UMOP SI Jojem UOTIBIOR[S [BJUSUIIUOD JO SIA[OAD [BIOADS
JO JUSWIOAOW [BUOIFAI {SUIBANS PIBMO] Surmp paysodop 919M JeY) SJUSWIPIS YIIM
08 syjem AQ[[eA oY) woiJ St A[[e1ousd s1oymbe PAISA0D ATk BYSE[Y SB [[OM SE SAJBIS PN (e>se[y) s1oymbe ysodop-pajeprjosuooun) €l
001 [e19B[S 9y} UI JoJeM JO JUSWDAOW [BI0] UIQISBAYIIOU PUB [B1JUID J) JO SBAIR d3IR] woIsAS 19j1nbe [e1oe[n) 4l
siaynbe janesb pue pues pajepijosuoaun jeioe|9 Y19
(1931nbe
[ediounid © jou) siojinbe Aojjea weong v
s1oyinbe [[J-uIseq pue[mo] dPWER[[IA 1
wo)sAs 1aynbe [eroying 01
s1oyinbe [[y-uiseq ure[q IOARY yeus 6
's3u13as 0130[00F0IpAY JudIdIP Adnooo ued ’ ’ ’ ’
i : ’ woIsAs 19JInbe opueln) oy 8
PUE SUONIPUOD J[qE}-IAJeM IO PAUYUOIUN JOP
‘Kep 1od suoj[e3 uol[[iq G| -un Ajurewd 103em urejuoo [[e pue ‘Aisozod woysAs 1ojmbe suseg
amind 0 noqe sem oje1 Surdwnd oy ‘spe61 oY) Tepnueisioyur Aq pazLojorieyd dIe siojinbe QUEIUOULIDIU] SUIBIUNOA] AO0Y UIOYLON L
SuLmn(g ‘sa1e)§ pajIu) Ay} ul 1jmbe [9ABI3 puE puBS PoJEPI[OSUOIU() "SWEBINS 1oJmbe TerAnye A[[eA J9ARY 1ddIssISSI 9
0z padwnd AjoArsuajur 3sowr oy st 1ojibe Jofew Jo SA9[[eA o} Ul $o0eLId) pue ‘surejd 1oymbe sureq ySig S
ULMN"__M - or  Sure[d ySryg oy ‘[Tew 1o ‘Ke[d yis L1jiq POOY ‘S[oUURYD [Jeaudq pajedo] aIe s1djnbe s1ojimbe [[y-urseq neaje]q LIqUNO)) b
axQ m -eow1ad-mo] Jo spaq urejuod sidyinbe oy Ka[TeA-weans ‘os|y ‘si9jinbe [oAeIs pue ’ ’ ’
: 09 : : y . wo)sAs 195ibe Ad[[eA [enua) I
919U M AJ[BO0] ISIXd SUOIIPUOD PAUYU0d pues pue s1ojinbe ([[y-£9[[eA) [[J-UISeq :SILI :
I 08 jnq SUONIPUOD J[QLI-ISJeM IO POULUOIUN -050180 Surmo[[oy oY) oyur padnoid oq ued siojmbe uiseq [e1se0)) BILIOJI[E) [4
L1 lgg;  JOpun 197eM UTBIUOD AJIsowr s1ojinbe 9say |, s1ojinbe [9ABI3 pue pues pojepIOSUOOUN A ], s1ojmbe [[g-uiseq o3uey pue uiseq 1
siajinbe |aneib pue pues pajepijosuoauf 9sn
aje)s
X0pai dIxoue uoibai Jainuapl
1o ‘paxiw ajewl|o piuny siajinbe Jayjo pue pue apod
‘01X0 Jo 3 0} 10 A1p ul sjjam wayshs arbojoIpAy Jomawesy a1Gojoag |ediound pue (pjoq) dnoib sapinbe solep dnoib
pauajui sjjam  jo abejuaaiad 1ajinby

jo afejuaaiag

[(£00T ‘Aoaing [e0150]090) *S')) SeIeIS payup) oy Jo depy 1oymby [ediourid pue (000Z IO[[IA) SOIeIS PAIU[ Y} JO SB[IY JOJAY PUNOID) AJAING [OIS0[090) "S () AU WOy payIpowr pue pafidwiod arom sdnoin)

'S81e1g panuf ay3 ssoloe welboid YOMYN ay Joj pajdwes sdnoub sajinbe Jolew sy} jo uondiosap pazijelausn

‘L 3lqeL



9

Methods

(ouwreu [eroyjoun)

"I9)eM JO SOOINOS (918U0qI1R0) S10§Ibe 23prY pue Ad[[eA [43
ank g ‘s3uruado ouerd Suippaq [€90] 2I& 9[qIeW PUB 9)IWO[OP ING ‘OUOISIWI] s19jInbe ueluoAdJ-URLIN{IS 1€
[eIUOZ1I0Y A1) 309UU0D ‘sjulol Jo suon J0 1515109 s1ojInbe y001-01RU0qIRD 3] JO s1oymbe
102 -oos19jul 9y 38 pado[oadp A[jensn ‘soFes JSOJA] "QUAIOIIA] 0} UBLIQUIBIAIJ WOIJ 958 Ul }001-21BU0GIED 9SPIY on[g pue Eo.Ewo_ d 0¢
u_“%”__\,“ n loy  -sed [eoniop “siopmbe aanonpoid jsow ayy 93uel s193be osay} 9sodwod Jey) Y001 A, waysks soymbe sneagerd yrezo 62
A - Suowre oIe SIY)O SEAIYM ‘SHUN SUIUYUOD *001y 019N Ul PUB QUIBJA UI)SLIYLIoU pue
wxom 109 . s19JInbe ueIOIAOPIO 8T
9q 0] PAIOPISUOD dJB PUL IdJeM OU JSOW[. BIUIOJI[B)) UIISEAYINOS UI OS[e I Jnq ‘U0 : -
108 ploIk swos ‘o[qerrea A[ySIy oIe sy001 e BN oy} Jo sied u10)seayInos pue [BNUID oy} woysAs 1o§mbe uepLiof] LT
001 -u0qued Jo sonzodord Juiperk-1o1em oy, ur Juourwod o1e S)001 9JeUOqIEd Ul SIoJInby Joyimbe sukeosig 9Z
siajinbe yo01-ajeuogqie) 4v9
QIANH AYQ
0 's9d A3 001 JuaIeyIp
0z u1 pa)o[dwod s[[om Ul S[OAJ] Jojem ) £q *S)[001 9JBUO0QIED pUB
oxouy oy POIOPAI SI pue oFIRYDSIP PUB A3ILYIAI I9] QUOJSpUES POPPAQIAUI JO ISISUO0D S1ofInbe
_ﬁ.ﬂw_\w_ . 0 -nbe s309y5e s3uruado uonnjos Jo ooussqe 9say ], ‘Bl03e( YINOS pue ‘SUIIOAA) ‘BuE)
10 20u0sa1d oy [, 19JeM SSO] P[IA SOUO)S -UOJA| ‘SesuByIY ‘BWOYRQ ‘SEX], Ul INOJ0
108 -pues pappoqiojul Y} SeaIdyM ‘siojinbe os[e Jng 'S’ UI0)SEd Y} Ul peaIdsopim jsowt siojmbe uerddrssissyn 94
s 1go, 9Anonpoid jsow oY) dIe SO0 AJRUOGIED Y], OIB SOOI 9JUOGIRD PUB dUOISPUES UI SIJInby wo)sAs 1ojinbe Ajruri] -sprempy v
siajinbe yo01-ajeuoq.es pue auojspues 49s
QN asa "MOTJ TBOTIIOA 9JB)IIOR] pue (1oymbe 1edrourid e jou) 1oymbe surqpoop, q
Surppaq $soIoe 10 saImoely pue syulof “$)[001 AIRJUdWIPaS JO soouanbas pap (oweu [eroryoun
0c oy Inq ‘souerd Surppaq Suoje st Ajurewrid -paqraiul xo1dwod Jo syued a1e si9jimbe duols ‘ouojspues) sioymbe oSpry vca £a[eA €T
axouy m ov  JudwoAow Joyempunoirn) ‘sauejd Surppaq -pues AUeJA "QU0)S)[IS JO J[BYS Sk YoNns S}00I mwoﬁswm ﬁ.mEmZ fsutog 2
A pue ‘saxmoely ‘syutof se yons sguruado Are Anpiqeaunsad-mo] ‘paureis-suy ojur A[[eIone] . :
axQ m 09 s : o : - s19jinbe Arenio] 10mo] 1z
-puo93s Jo §1s1su0d AJsorod ayj Jo jsowr opeid Ajuowuiod s1ojimbe auoISpues "SY001 : :
08 tsorod oy) PaIIY SEY UOHBIUDWAD SSI[UN PI1ePI[OSUOD JO SPUDY JOYJO [[& UI ISOY} UBY) s1ojinbe ulseq 91020SoN A[1eH 0¢
oL Ansorod Arewnid owos urejdr SQUOISpULS peardsopim a1ow are duojspues ul s1ojinby WoISAS 19JIbe UBIOIAOPIO-URLIqUIB)) 61
siajinbe auojspues NYS
aje)s
X0pai J1xoue uoibai Jainuapl
10 ‘paxiw ajewn|o pluny s1ajinbe Jaio pue pue apod
‘01X0 Jo 3q 0} 10 A1p ul sjjam wajshs a1bojoIpAy yomawesy a1Gojoag |ediound pue (pjoq) dnoib sapinbe solep dnoib
pauajui sjjam  jo abejuaaiad 1ajinby

jo afiejuaaiag

[(£007 ‘Aoaing [e0150[00D) "S') SIS panun) ay Jo dej 1oymby [edioutid pue (00g IOIIA) SOILIS PAIIUN oY) JO SB[}V JOJBA\ PUNOID) AOAINS [BD150[03D) *S') dY) WOy payipow pue pafidwos arom sdnoin)]

panuiuo)—sa1e1g pauun ayl ssoloe welbold YOMYN Y3 10} pajdwes sdnoib Jaynbe tolew ays jo uondiiosap pazijesausg L ajqey



Trace Elements and Radon in Groundwater Across the United States, 1992-2003

10

Y31y SanId0[A

QIWNH AYG 10)empunoid pue moj A[jeordA£) s1 oFeiols

0

‘soourr0ld dryderdorsAyg

93pry onjg pue ‘yuowpald ‘pue[Fug MIN
A} PUEB IOX MON UIISBAYLIOU ‘UISUOISIA\
UIOJISEAYLIOU PUB BIOSIUUIJA] UIDYIOU UI I8

(oweu Teroyjoun) sigymbe yoo01

‘WSS Mop-oImoel) A U ‘dpmuSews
0¢ 10 s10p10 Aq A1BA URD INq SI9JINDR 19Y)0 O} (10 03 P
u_“%ﬂ " op  Poledwoo mof st A31ARONPUO0D oINeIpAH syo01 aur[eIsAr) "Ajddns 191eMm JO 90INOS ~OUHIEISALS SoUEY JUOL] UIEIUNON A0y D
axg m 0 ‘[[9M B 0} MOJJ UBD JBY} 10JeM 9I0)S pue d1qerfar A[uo oy are Aot sooejd Auewr uf s1ojmbe
JIuusue) SaINjoeIj pue syurof a1aym An ‘S[[oM 0} 19)eMm JO Sjunowre [fews AJuo p[oIk 3001-duI[[EJSAI0 9FPIY N[ PuUE JUOWPAL] 8¢
08 -sorod Arepuooas uo spuadap syoo1 oryd A[[e1ouad pue parnioely a19ym djqesurtod (oweu Terogjoun) sigymbe yoo1
ool -lowejow pue snodudr Jo Anjiqeswsad oy ], are syo01 orydiowe)aw pue snoouS1 AYJ,  -dUI[[BISAID PUB[SUF MON PUE JIOA MIN LE
siajinbe yoo01-auljjeishiy 149
L) "K[MOTS ST009 J1 9SNBIq
0z 121u99 2y ut dojoAdp sooeds uado maj
aXoUY m w Mg ‘syred 1omo] pue 1oddn oy ur dojoaap ‘paysodap pue pejoafo sem 3001 (o1uea]0A) szopmbe uIseq 91020 ALreq o¢
PeXA m sjurof pue saInjoeI] ‘MO 3} JO SSAUDIY) oy Aem oy pue 2dA3 3o01 03 A[o31e] pajerar ) ) ) ’
oo m 09 o . : . s19jInbe 001-01)]ESEq UIR[J JOATY OYRUS G¢
o) pue ‘SOUOZ MO[IIUI JO I)orRIRYD st sonadoid asay Jo AijIqerieA oy, 'sanIo : : : :
08 Oy} ‘MOJJ BAR[ Y} JO 911 TUI[00D 9Y) UO -doid ornerpAy pue ‘Teinjonns ordoerouruu S19JInbe 3001-0[UEO[OA UBIEAMEH 143
oor  Spuadap syoor onpeseq o Anjiqedwidd Y], [ROIWUAYD JO AFURI OPIM B JARY SOOI OTUBI[OA s1ojibe yoo01-011BSBq NEIJR[J BIqUIN[OD) €€
siajinbe yo01-21uedjOA pUE -01)|ESEY J\': |
aje)s
X0pal J1xoue uoibai laynuapi
1o ‘paxiw ajewn|o pluny siajinbe Jayjo pue pue apod
‘91X0 Jo 3 0} 10 A1p ul sjjam wasshs a1bojoIpAy Homawesy a1Gojoag |ediound pue (pjoq) dnoif sapnbe Jolepy dnoib
pauajui sjjam  jo abejuaaiad 19jinby

jo afiejuaaiad

[(£00T ‘Aoaing [e0150]090) *S'N)) SeIRIS payun) oy Jo depy 19ymby [edioutid pue (0007 IO[[IA) SOIeIS PAIU[ Y} JO SB[IY J9JBAY PUNOID) A9AING (01501090 *S'() AU WOy payIpow pue pafidwiod arom sdnoin)

panuiu0)—sa1eIS pauun syl ssoloe welbold YOMVYN 8Y3 1o} pajdwes sdnoib Jayinbe solew ays jo uonduiosap pazijeiausg

‘L 3lqeL



Chemical Evolution and Groundwater Age

The geochemistry of groundwater evolves over time in
large part because of contact with aquifer materials. Ground-
water is rarely in chemical equilibrium with the minerals in
the aquifer through which it flows; it is constantly changing
along its flow path through reactions with minerals in what
has been described as chemical evolution (Plummer and Back,
1980; Hem, 1985). In general, the longer the water has been in
an aquifer, the greater the concentrations of dissolved solids,
and the more chemically evolved the water is considered to
be. Chemical evolution also may be affected by factors other
than age (which is related to the rate of flow of groundwater
through an aquifer). Factors that affect chemical evolution
include the geologic and geochemical composition of the
aquifer, the geochemical composition of the groundwater, and
biogeochemical processes in the aquifer.

Trilinear diagrams, a method for showing ratios of major
cations and anions in water samples, are used to indicate water
type information about samples from various aquifer groups
in this report. Trilinear diagrams have been used successfully
to assess water type and infer chemical evolution (Hanshaw
and Back, 1979; Back and others, 1988; Drever, 1988; Rogers,
1989; Hem, 1985; Welch and Lico, 1998).

The occurrence of many trace elements in groundwater is
related to the length of time that the water has been in contact
with the soil and underlying aquifer materials—that is, the
time elapsed since recharge. Measurement of the time water
is in an aquifer (apparent age of the water) is complicated by
the potential mixing of waters of different ages. For wells with
short open intervals, like many monitoring wells, the effects
of mixing may be minimized. Groundwater samples that were
collected by the NAWQA Program for age dating were ana-
lyzed for several constituents, including , tritium-helium, and
CFCs (Plummer and others, 1993). In this report, only samples
that were analyzed for tritium (number of samples (V) equal to
1,932) were used to estimate the age of groundwater.

The most basic use of tritium analysis in groundwater is
to indicate whether it is present at measurable concentrations
in the water sample; if it is, at least some of the water in the
sample postdates the advent of nuclear testing in about 1953
(Plummer and others, 1993). Groundwater samples recharged
after 1953 are defined as “young” waters, and those recharged
before 1953 are defined as “old”. Concentrations of tritium
in recharge water derived entirely from precipitation prior
to nuclear testing are estimated to have been less than about
0.2 to 0.8 tritium units (TU) (0.65 to 2.6 pCi/L) by the early
1990s (Plummer and others, 1993) and about 0.12 to 0.5 TU
(about 0.39 to 1.6 pCi/L) by the early 2000s (Rupert and
Plummer, 2005). In this report, the presence of tritium above
the common reporting limit of 2.5 pCi/L was considered to

Methods 1

indicate that at least some young groundwater was present in
the sample. Groundwater samples with tritium activities less
than or equal to 2.5 pCi/L are interpreted as containing water
predominantly recharged before 1953.

Redox and pH

Other factors, such as redox status or pH, may have a
controlling effect on trace-element concentrations despite the
degree of chemical evolution of the water sample. Methods
for inferring redox state from commonly measured chemical
constituents, including concentrations of DO, may provide
a useful context for evaluating trace-element occurrence
on a national and regional scale. Redox is a measure of the
oxidation-reduction state of the groundwater, which in natural
systems can be measured by the hierarchical progression of
terminal electron acceptors for the reduction of compounds in
groundwater (Froelich and others, 1979; Chapelle and others,
1995; Chapelle and others, 2002; Paschke, 2007; McMahon
and Chapelle, 2008; McMahon and others, 2009). Redox
conditions for the water in each well in this analysis were
determined from a scheme that evaluates concentrations of
DO, nitrate, Mn, Fe, and sulfate, and methane (Paschke, 2007,
McMahon and Chapelle, 2008). For this study, redox was
generalized into three categories: (1) groundwater that was O,
or nitrate-reducing was considered generally oxic; (2) ground-
water that was Mn(IV) reducing, Fe(IIl)/sulfate-reducing,
or methanogenic was considered generally anoxic; and
(3) groundwater without a distinct redox signal, or for which
more than one redox process criterion was met, was consid-
ered mixed. Water samples used in this study from dry cli-
mates have redox conditions that are generally oxic, whereas
humid-region samples are more often anoxic (fig. 2A). The
generalized redox classification and results for wells in this
study are presented in table 2.

Groundwater pH is another important geochemical con-
trol that can affect the solubility and mobility of trace metals,
often through sorption/desorption processes (Drever, 1988;
Welch and Stollenwerk, 2003; Paschke, 2007). For many met-
als, such as Al, Cu, Fe, Mn, and Zn, solubility in water often
decreases with increasing pH. For others, such as As and U,
solubility can increase with increasing pH over the normal pH
range of most natural waters. Thus, consideration of pH along
with redox conditions is important to the overall distribution
of trace elements in groundwater. For this analysis, samples
are grouped into two categories: less than 7 (low pH) and
greater than or equal to 7 (high pH), based on the midpoint
of the pH scale and the control of reactions involving trace
elements by processes that predominate at pH values either
smaller or greater than 7.
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Figure 3. (A)Principal aquifers of the United States and major aquifer groups used in the current study, and (B) wells sampled by the
National Water-Quality Assessment Program, 1992-2003, color coded by aquifer (see explanation). Areal extent of aquifers from U.S.
Geological Survey (2003).



Methods

EXPLANATION

Aquifers and well locations—Aquifers are shown by major aquifer group
(colored areas) and are identified by number. Well location is shown by colored
circles (colored triangles if the well is completed in the material beneath the

Unconsolidated sand and gravel aquifers

e | 1 Basinand Range basin-fill aquifers

e | 2 California Coastal Basin aquifers

e | 3 Central Valley aquifer system

e | 4 Columbia Plateau basin-fill aquifers

e 5 High Plains aquifer

e 6 MississippiRiver Valley alluvial aquifer

e 7 Northern Rocky Mountains Intermontane
Basins aquifer system

e | 8 Rio Grande aquifer system

e | 9 Snake River Plain basin-fill aquifers

e 10 Surficial aquifer system

e 11 Willamette Lowland basin-fill aquifers

e A stream valley aquifers (not a principal aquifer)

Glacial unconsolidated sand and gravel aquifers

° Glacial aquifer system
° Unconsolidated-deposit aquifers (Alaska)

Semiconsolidated sand aquifers
° 14
a 15
° 16
o 17
o 18
Sandstone aquifers
2 19 Cambrian-Ordovician aquifer system
e 20 Early Mesozoic basin aquifers
s 21 Lower Tertiary aquifers
e 22 Pennsylvanian aquifers
e 23 Valley and Ridge aquifers (sandstone)
e B Woodbine aquifer (not a principal aquifer)

Coastal lowlands aquifer system

Mississippi embayment aquifer system
Northern Atlantic Coastal Plain aquifer system
Southeastern Coastal Plain aquifer system
Texas coastal uplands aquifer system

Figure 3.

uppermost aquifer).

>

>

Sandstone and carbonate-rock aquifers

24
25

Edwards-Trinity aquifer system
Mississippian aquifers

Carbonate-rock aquifers

26
21
28
29
30
31
32

Biscayne aquifer

Floridan aquifer system

Ordovician aquifers

Ozark Plateaus aquifer system

Piedmont and Blue Ridge carbonate-rock aquifers
Silurian-Devonian aquifers

Valley and Ridge aquifers (carbonate)

Basaltic- and other volcanic-rock aquifers

33
34
35
36

Columbia Plateau basaltic-rock aquifers
Hawaiian volcanic-rock aquifers

Snake River Plain basaltic-rock aquifers
Early Mesozoic basin aquifers (volcanic)

Crystalline-rock aquifers

37 New York and New England crystalline-rock aquifers

38

C Rocky Mountain Front Range crystalline-rock aquifers

(unofficial name)

Piedmont and Blue Ridge crystalline-rock aquifers

(unofficial name)

(A) Principal aquifers of the United States and major aquifer groups used in the current study, and (B) wells sampled

by the National Water-Quality Assessment Program, 1992-2003, color coded by aquifer (see explanation). Areal extent of
aquifers from U.S. Geological Survey (2003).—Continued
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Table 2. Threshold concentrations for classification of generalized groundwater redox conditions and
number of samples collected for the NAWQA Program across the United States by pH category, 1992-2003.

[<, less than; >, greater than or equal to; mg/L, milligrams per liter; O,, oxygen; NO,, nitrate; Mn, manganese; Fe, iron; SO %,
sulfate; >, greater than; <, less than or equal to; --, not applicable]

Number of samples Criteria
. (mg/L)
Reduction process
pH<7  pH>7 0 NO Mn, Fe, 50>
- 2 3 total total 4
Oxic
0, 949 1,764 >0.5 >0.5 <0.05 <0.1 -
NO;, 46 264 <05 >0.5 <0.05 <0.1 -
Mixed
Mixed 495 420 Multiple criteria met
Anoxic
Mn 32 113 <0.5 <0.5 >0.05 <0.1 -
Fe/high SO > 250 359 <0.5 <0.5 >0.05 >0.1 >4
Fe/low SO > 63 116 <0.5 <0.5 >0.05 >0.1 <4
Total 1,835 3,036

Data Handling and Statistical Methods

Trace-element data used in this report were retrieved
from the USGS NAWQA data warehouse in 2006 (Bell and
Williamson, 2006). The NAWQA data warchouse contains
water-quality data, field parameters, and ancillary information
for all groundwater sites sampled as part of the NAWQA
Program. The original data also are available at http://water.
usgs.gov/nawqa/data. The trace-element dataset includes
5,183 sites; however, the number of trace elements analyzed
differs from site to site.

A large proportion of the trace-element and other water-
chemistry data were censored at various LRLs. The censor-
ing level for each trace element and Rn was adjusted to the
respective Long Term Method Detection Limit (LT-MDL; a
value that is usually one-half the LRL), thus providing a lower
reporting level for each element (Childress and others, 1999).
For this report, data censored to the LT-MDL were used for
distributional data summaries; the censored data are available
with this report (at http://water.usgs.gov/nawqa/trace/pubs/
sir2011-5059). Because LRLSs change over time, multiple
reporting levels have been defined for many trace elements.
For this report, the data were recensored to the most common
reporting level for each trace element to allow comparisons
among data from different groups. The common reporting
level was 1 pg/L for most trace elements and 80 pCi/L for Rn.
Reporting levels for B, Fe, and Sr were 12, 10, and 0.9 ng/L,

respectively. Statistical analyses were based on all data values,
including censored data. Maps were used to show the geo-
graphic distribution for all trace elements.

Summary statistics, which include the minimum,
maximum, and common percentiles, were computed for all
trace elements by using regression-on-order statistics (ROS)—
statistics appropriate for data with a large proportion (up to
80 percent) of censored values (Helsel and Hirsch, 1992;
Helsel, 2005). Data summaries that refer to the proportion
of samples with concentrations above specified common
reporting levels are not affected by the recensoring because
the reporting levels are equal to or greater than the LT-MDLs.

Nonparametric statistics, which do not require distri-
butional assumptions about the censored data, were used to
describe distributions or compare data among groups. The
Wilcoxon and Kruskal-Wallis tests were used to determine
whether the distributions of the data from two or more groups
were significantly different (Helsel and Hirsch, 1992; SAS
Institute, 1999; Helsel, 2005). If multiple-comparison tests
indicated significant differences, the Tukey test was used on
the ranks of the data to identify which group means were
significantly different (Helsel and Hirsch, 1992; SAS Institute,
1999; Helsel, 2005). Although other methods are available
for comparing groups, such as substitution and distributional
methods (Helsel, 2005), nonparametric methods offer several
benefits, including no assumption of normally distributed data;
good statistical power; and the use of data below the censoring


http://water.usgs.gov/nawqa/data
http://water.usgs.gov/nawqa/data
http://www.practicalstats.com/nada/nada/downloads.html

level without having to create values for them, resulting in

an accurate portrayal of the censored information (Helsel and
Hirsch, 1992; Helsel, 2005). Spearman correlation coefficients
(rho) were computed to measure the strength of the relation
between environmental factors (ancillary data) and concentra-
tions of selected trace elements (Helsel and Hirsch, 1992). The
significance level (o)) for all statistical tests was equal to 0.05.
Thus, for p-values less than 0.05, the null hypothesis can be
rejected in favor of the alternate hypothesis.

Logistic regression was used to help identify processes
and factors affecting trace-element concentrations in
groundwater for each aquifer group. For logistic regression
methods, the dependent variable is a binary response variable,
and the regression model predicts the probability of an event
outcome, or the probability that a response is observed. In
this way, logistic regression models can be used with data that
are highly censored without violating assumptions about the
distribution of the data (Helsel, 2005). Independent variables
were either continuous or binary variables. For logistic
regression models, common reporting levels and HHBs for
selected trace elements were used as cut points for binary
dependent and independent variable development, unless
otherwise noted. Models were evaluated by consideration
of the Hosmer-Lemeshow goodness of fit (Hosmer and
Lemeshow, 2000). Higher p-values indicate better fit because
the null hypothesis is that the model fits the data. Also model
discrimination was evaluated with the c statistic, which is an
estimate of the area under the receiver operating characteristic
curve—values greater than 0.7 are considered acceptable, and
values greater than 0.8 are considered excellent (Hosmer and
Lemeshow, 2000).

All statistical tests and models were computed by SAS
System software (SAS Institute, 1999). Statistical summaries
were computed by robust ROS methods (Helsel, 2005) by
using a SAS macro for such a method (Practical Stats, 2007).

Quality Control

As part of the quality control (QC) for groundwater sam-
ples collected by the NAWQA Program, additional samples
were collected and analyzed to determine if the measured
concentrations of trace elements were representative of envi-
ronmental concentrations and were reproducible. Two primary
types of QC samples for evaluation of the environmental data
included blanks and replicates. Blanks are samples of water
free of constituents of interest, are collected prior to collection
of an environmental sample, and indicate if trace elements
were introduced to the QC sample (and by association, the
environmental sample) during collection, handling, or analy-
sis. Replicates are also collected sequentially after the envi-
ronmental sample and indicate variability in reported results
for a given constituent. The analysis of blank samples was
performed by using analytical methods with detection limits at
or below those for the environmental samples (Apodaca and
others, 20006).
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Potential sample contamination levels, at the 95-percent
confidence level, were determined from the blank data for
each trace element (Apodaca and others, 2006). For a given
trace element, the percentages of blank concentrations greater
than the common reporting levels used in this report were
used to evaluate the possible effects of contamination on
the dataset. The results of the trace-element-blank analysis
indicate that Sb, Be, Mo, and Tl in groundwater were largely
unaffected by contamination (fewer than 1 percent of samples
had concentrations greater than 1 pg/L) (table 3). Limited
numbers of blanks for Li and V in groundwater did not allow
for a reliable assessment of the potential contamination
associated with these trace elements. Blank samples for Al and
Zn had the largest potential for contamination, with 50 percent
or more of blanks having concentrations greater than 1 pg/L.
In this study, a common reporting level of 12 pg/L was used
for B, and 15 percent of the blank samples exceeded this
value (table 3).

Potential contamination, at the 95-percent upper con-
fidence level, was identified in blank samples for 17 trace
elements (Al, As, Ba, B, Cd, Co, Cr, Cu, Fe, Pb, Mn, Ni, Se,
Ag, Sr, U, and Zn) at the common reporting levels used in this
report (Apodaca and others, 2006). About 3 percent or fewer
of blank samples for As, Cd, Co, Pb, Ni, Se, Ag, and U were
contaminated. Four to 10 percent of blanks for Ba, Cr, Fe, Mn,
and Sr were possibly contaminated. Al, B, Cu, and Zn were
the most affected, with possible contamination detected in 15
to more than 50 percent of blank samples (table 3).

Contamination of samples can also be viewed in terms
of its effect on evaluation of samples exceeding HHBs or
nonhealth guidelines. The contamination levels for most of
the trace elements reported here are at concentrations that are
less than 10 percent of HHBs or nonhealth-guideline concen-
trations; therefore, potential contamination of samples would
not affect the comparison of concentrations of trace elements
in groundwater with benchmarks or guidelines (Apodaca and
others, 2006). The exceptions are possibly Al, Cd, and Pb.
Potential contamination identified for these trace elements is
greater than 10 percent of the HHBs or nonhealth guidelines,
but affects only 5 percent or fewer of the Cd and Pb samples.
For most trace elements, the level of potential contamination
is not large enough to affect the measured concentration of the
environmental sample significantly.

Replicate groundwater-sample concentration differ-
ences for all trace elements were less than 15 percent except
for TI (18.3 percent) and V (15.2 percent). This indicates that
sampling, handling, and analysis of samples had a relatively
small effect on the reported value and that reproducibility of
sample concentrations was generally good (Apodaca and oth-
ers, 2006).

The analysis of the QC data indicated that the potential
contamination from sample processing and analysis for most
trace elements of interest was small and did not significantly
affect data interpretation for most elements. For this reason, all
concentration data were used unaltered.
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Table 3. Summary of blank data for trace elements in groundwater sampled for the NAWQA Program, 1992-2003,
across the United States.

[ng/L, micrograms per liter; pCi/L, picocuries per liter for radon; UCL, upper confidence level; >, greater than; <, less than; --, no data]

Common reporting Percentage of blank samples with 95-percent UCL
Element Number of _ Ievgl used contamination concentrations (modified fro_m Apodaca
blank samples in this report and others, 2006, table 1) equal to or exceeding common
(pg/L or pCi/L) reporting levels used in this report

Aluminum 330 1 > 50
Antimony 347 1 <1
Arsenic 329 1 1
Barium 344 1 7
Beryllium 346 1 <1
Boron 164 12 15
Cadmium 353 1 2
Chromium 343 1 6
Cobalt 343 1

Copper 345 1 15
Iron 423 10 10
Lead 343 1 1
Lithium 37 1 <8
Manganese 546 1 10
Molybdenum 341 1 <1
Nickel 339 1 3
Radon 0 80 --
Selenium 302 1 2
Silver 343 1 1
Strontium 186 0.9 8
Thallium 151 1 <1
Uranium 368 1 1
Vanadium 37 1 <8

Zinc 341 1 50




Occurrence of Trace Elements in
Groundwater

The occurrence of trace elements in groundwater from
wells across the United States was highly variable. Concentra-
tions of Ba, B, Li, Rn, and Sr were above their reporting levels
in nearly all samples; however, as noted in the section on qual-
ity control, measured concentrations of some elements, such
as Al, B, Cu, Fe, and Zn, may be excessive on the basis of data
from blank samples, which suggest systematic low-level bias
in the dataset. Concentrations of Al, Ba, B, Cr, Li, Mn, Ni, Rn,
Sr, V, and Zn exceeded the common reporting level in more
than 50 percent of samples (median) compared to Sb, As, Be,
Cd, Co, Cu, Fe, Pb, Mo, Se, Ag, T1, and U, which were equal
to or above their common reporting level in fewer than
50 percent of samples (table 4). As, B, Mn, Mo, Rn, Sr, and U
occurred at concentrations greater than HHBs in more than
1 percent of water samples, and Fe and Mn occurred at con-
centrations greater than nonhealth guidelines in 19 and
31 percent of water samples, respectively (table 4).

Most trace elements (particularly common oxyanion or
ion-complex forming elements) occurred in greater concentra-
tions in dry regions than in humid regions (table 5). This was
true for As, Ba, B, Cr, Cu, Li, Mo, Ni, Se, Sr, U, V, and Zn
(tables 5 and 6; figs. 4 and 5). In contrast, concentrations of
elements that are mobile in anoxic and (or) low-pH groundwa-
ter conditions (such as Al, Co, Fe, Mn, and Pb) are commonly
greater in the humid regions than in the dry regions (tables 5
and 6; figs. 4 and 5). These large-scale differences may reflect
several processes, including differences in precipitation, the
effects of irrigation, ion competition, complexation, redox, and
evaporative concentration in the dry parts of the United States.
Processes associated with dry climates, especially in conjunc-
tion with irrigation, can lead to characteristically high concen-
trations of total dissolved solids (TDS) in groundwater (Hem,
1985; Seiler and others, 2003; Anning and others, 2007).

Occurrence of Trace Elements in Groundwater 17

Trace-Element Occurrence and Concentrations
in Monitoring and Drinking-Water Wells

Well-specific factors, such as depth and type in addition
to specific land uses, can influence concentrations of trace
elements in groundwater. The concentrations of trace elements
were compared among monitoring wells in areas representing
primarily agricultural or urban land uses and drinking-water
wells, by climate region (table 7).

In humid regions, 14 trace elements had greater con-
centrations in monitoring wells than in drinking-water wells;
however, only Cu, Pb, Rn, and Zn concentrations were greater
in drinking-water wells than in monitoring wells in humid
regions (table 7). Concentrations of trace elements commonly
associated with low-pH recharge and (or) oxic groundwater
are expected to be greater in monitoring wells (shallow wells)
in humid regions than in drinking-water wells (generally deep
wells). Accordingly, concentrations of Al, Sb, Ba, B, Cr, Co,
Fe, Li, Mn, Mo, Ni, Se, Sr, and U were all greater in monitor-
ing wells than in drinking-water wells in humid regions of
the United States (table 7). The greater concentrations of Cu,
Pb, and Zn in drinking-water wells in humid regions (and Pb
and Zn in dry regions) may be an indication that these water
samples were commonly collected through existing pumps and
plumbing, which can contain these metals in parts, fittings,
and valves (Fahlquist and Ardis, 2004; Groschen and others,
2008). Concentrations of Fe and Mn, which occur more often
in humid regions than in dry, were greater in monitoring wells
than in drinking-water wells in dry climate and humid regions
(table 7).

In the dry regions of the United States, concentrations
of As, Ba, Pb, Li, Sr, V, and Zn were greater in drinking-
water wells than in monitoring wells. Some of these elements
commonly form oxyanions (As, Cr, and V) under typical
groundwater conditions and are soluble in oxic or anoxic
alkaline environments (Smedley and Kinniburgh, 2002). For
As, this may be related to the fact that pH values are greater
in drinking-water wells in this region than in monitoring wells
(table 7).
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Table 6. Frequency and distribution statistics for the occurrence of trace elements in groundwater sampled for the NAWQA
Program by climate region, 1992—2003, across the United States.

Occurrence of Trace Elements in Groundwater

[Climate regions shown in figure 2A. Yellow shading indicates higher dry-region concentrations; blue shading indicates higher humid-region con-

centrations; concentrations of elements in same Tukey group do not differ significantly at alpha = 0.05. No shading indicates concentrations that do
not differ significantly between well types. Reporting level is 1 microgram per liter except for boron (12 micrograms per liter), iron (10 micrograms
per liter), radon (80 picocuries per liter), and strontium (0.9 micrograms per liter). >, greater than or equal to; <, less than; N is the number of wells

sampled; number of trace element samples varies with availability of grouping variable data and with censoring level]

Number of samples and percentage > reporting level by climate region

Element Dry region Humid region
p-value
N Percentage Tukey group N Percentage Tukey group

Aluminum 998 65 B 1,828 78 A <0.0001
Antimony 1,115 1.0 A 1,894 1.1 A 0.8571
Arsenic 1,252 67 A 2,144 34 B <0.0001
Barium 1,178 100 A 1,944 98 B <0.0001
Beryllium 1,121 0.4 A 1,904 0.7 A 0.1936
Boron 363 97 A 811 76 B <0.0001
Cadmium 1,188 1.3 A 1,936 0.6 A 0.0600
Chromium 1,198 58 A 1,925 53 B 0.0148
Cobalt 1,125 8.4 B 1,901 13 A 0.0004
Copper 1,204 61 A 1,940 51 B 0.0272
Iron 1,706 32 B 3,425 50 A < 0.0001
Lead 1,193 9.4 B 1,927 13 A 0.0015
Lithium 354 97 A 539 78 B <0.0001
Manganese 1,660 51 B 3,316 75 A <0.0001
Molybdenum 1,159 74 A 1,904 39 B <0.0001
Nickel 1,168 62 A 1,908 54 B <0.0001
Radon 1,440 98 A 2,437 96 A 0.7276
Selenium 1,201 46 A 1,854 9.7 B <0.0001
Silver 1,109 0.6 A 1,879 0.2 A 0.0674
Strontium 524 100 A 785 100 B <0.0001
Thallium 346 0.0 A 521 0.0 A 1.0000
Uranium 1,228 71 A 2,313 28 B <0.0001
Vanadium 348 81 A 485 35 B <0.0001
Zinc 1,154 87 A 1,852 81 B <0.0001
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EXPLANATION

[Triangle represents well
completed in the material
beneath the uppermost aquifer]
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Figure 4. Geographic distribution of trace-element concentrations in groundwater collected from wells as part of the National Water-
Quality Assessment Program, 1992-2003: (A) aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron, (G) cadmium,

(H) chromium, (/) cobalt, (J) copper, (K)iron, (L) lead, (M) lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon, (R) selenium,
(S) silver, (T) strontium, (U) thallium, (V) uranium, (W) vanadium, and (X) zinc.
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EXPLANATION

[Triangle represents well
completed in the material
beneath the uppermost aquifer]
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Figure 4. Geographic distribution of trace-element concentrations in groundwater collected from wells as part of the National Water-
Quality Assessment Program, 1992-2003: (A)aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron, (G) cadmium,

(H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M)lithium, (V) manganese, (0) molybdenum, (P) nickel, (@) radon, (R) selenium,
(S) silver, (T) strontium, (U) thallium, (V) uranium, (W) vanadium, and (X) zinc.—Continued
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EXPLANATION
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Figure 4. Geographic distribution of trace-element concentrations in groundwater collected from wells as part of the National Water-
Quality Assessment Program, 1992-2003: (A) aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron, (G) cadmium,

(H) chromium, (/) cobalt, (J) copper, (K)iron, (L) lead, (M) lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon, (R) selenium,
(S) silver, (T) strontium, (U)thallium, (V) uranium, (W) vanadium, and (X) zinc.—Continued
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Figure 4. Geographic distribution of trace-element concentrations in groundwater collected from wells as part of the National Water-
Quality Assessment Program, 1992-2003: (A) aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron, (G) cadmium,

(H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M)lithium, (V) manganese, (0) molybdenum, (P) nickel, (@) radon, (R) selenium,

(S) silver, (T) strontium, (U) thallium, (V) uranium, (W) vanadium, and (X) zinc.—Continued
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Figure 4. Geographic distribution of trace-element concentrations in groundwater collected from wells as part of the National Water-
Quality Assessment Program, 1992-2003: (A) aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron, (G) cadmium,

(H) chromium, (/) cobalt, (J) copper, (K)iron, (L) lead, (M) lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon, (R) selenium,
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Figure 4. Geographic distribution of trace-element concentrations in groundwater collected from wells as part of the National Water-
Quality Assessment Program, 1992-2003: (A) aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron, (G) cadmium,
(H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M)lithium, (V) manganese, (0) molybdenum, (P) nickel, (@) radon, (R) selenium,

(S) silver, (T) strontium, (U) thallium, (V) uranium, (W) vanadium, and (X) zinc.—Continued
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Trace-Element Occurrence and Concentrations
in Wells in Agricultural and Urban Areas

Contaminants that are introduced at the land surface
can affect water quality in underlying aquifers. Some trace
elements have anthropogenic sources that are a direct result
of land use. An example of this is the use of B in fertilizer in
agricultural settings. Land use may not have a direct effect
but can result in changes in groundwater pH, TDS, or redox
conditions, which in turn can affect the solubility of naturally
occurring trace elements. These changes can either enhance
or inhibit the solubility of trace elements in groundwater. For
example, Se can be concentrated by evaporation or by irriga-
tion return flow (Seiler and others, 2003). Moreover, studies
in agricultural areas in the northeastern United States show
that organic As added to poultry feed is converted to inorganic
As and loaded to the soil zone, where it may be soluble under
favorable redox conditions (Rutherford and others, 2003; Stolz
and others, 2007). Arsenic also has historically been used as
a pesticide for orchard and row crops (D’ Angelo and others,
1996; Hinkle and Polette, 1999; Loiselle and others, 2001).
Many studies acknowledge that anthropogenic sources of As
in groundwater cannot be ruled out, but most suggest that
groundwater As sources are predominantly natural (Hinkle
and Polette, 1999; Welch and others, 2000; Ayotte and others,
2003; Peters and Blum, 2003; Welch and Stollenwerk, 2003;
Robinson and Ayotte, 2006; Robinson and Ayotte, 2007). Geo-
chemical conditions near waste sites, such as landfills, how-
ever, may be altered sufficiently to allow Fe and Mn hydroxide
dissolution, resulting in the mobilization of otherwise seques-
tered soil As and other metals (Stollenwerk and Colman, 2004;
deLemos and others, 2006).

The concentrations of trace elements were compared
between wells representing primarily agricultural and urban
land uses (table 8). In this comparison, water samples from
wells in agricultural settings have greater concentrations
of some trace elements, such as As, Mo, and U, than
samples from wells in urban settings, regardless of climate.
Concentrations of DO and pH values also were greater in
water samples from agricultural wells than in samples from
urban wells. Significantly greater concentrations of B, Cr, Se,
Ag, Sr, and V also were found in samples from agricultural
wells in dry regions. Concentrations of Pb were greater in
water samples from wells in agricultural settings than in
samples from urban wells in humid regions, but the converse
was true for dry regions.

Water sampled from urban wells in both climate regions
generally had greater concentrations of Fe, Li, and Mn than
water from agricultural wells, possibly because urban-well
water also had lower pH and DO (table 8). Collectively, the
urban-well samples were more anoxic than agricultural-well
samples, and this result may partly explain why the urban-well
samples had fewer HHB or guideline exceedences of oxyan-
ion-forming elements, and why trace elements that are more
mobile under anoxic conditions, such as Fe and Mn, were
generally prevalent.

Comparisons of Trace-Element Concentrations
in Groundwater to Human-Health Benchmarks

HHBs were defined for many trace elements to ensure
that high-quality safe drinking water is provided to people
using publicly supplied water. The results in this section are
not intended to be interpreted as estimates of potential expo-
sure, but rather as a simple comparison to identify geographic
areas where concentrations of trace elements in groundwater
were found by the NAWQA Program to be greater than estab-
lished or proposed HHBs. Not all water samples collected for
this study were from drinking-water wells; about 40 percent
were monitoring wells. The trace elements with HHBs are Sb,
As, Ba, Be, B, Cd, Cr, Cu, Pb, Mn, Mo, Ni, Se, Ag, Sr, T1, U,
and Zn; however, it is important to note that, for this summary,
not all trace elements were analyzed in samples from all of the
selected wells. Comparison of these data to HHBs is intended,
in part, to provide a context for analysis of specific trace ele-
ments in specific areas of the United States.

For the analysis presented here, wells were selected
irrespective of well type or land use (4,527 wells). In
19 percent of samples collected from those wells, at least
one trace element exceeded an HHB (table 9). Wells with
HHB exceedences were widespread across the United States;
they occurred in all aquifer groups and in both humid and
dry regions.

For trace elements, wells in urban settings had greater
rates of HHB exceedences than agricultural wells or drinking-
water wells in varied land-use settings (table 9). In addition,
monitoring wells tended to have greater HHB-exceedence
rates than drinking-water wells. For some contaminants in
groundwater, such as nitrate and volatile organic compounds
(VOC:s), differences in land use (as an indicator of contami-
nant source) can have a profound effect on rates of HHB
exceedences. For trace elements, however, the differences
may be more related to redox, pH, and other conditions than
to source indicators, although anthropogenic activities can
change redox conditions and thereby can change concentra-
tions of naturally occurring trace elements in groundwater.

In general, the wells in the urban and agricultural categories
(dominantly monitoring wells) are shallow water-table wells,
where the pH in groundwater is commonly low and DO

high. Water in a greater percentage of wells in major aqui-
fers (dominantly drinking-water wells) was found to have a
higher pH and lower DO than water sampled from the shallow
wells. These differences may influence trace-element HHB
exceedences, depending on the element.

An important finding from this analysis was that trace-
element contamination in groundwater far outpaces con-
tamination in most other commonly assessed groups, such
as VOCs, pesticides, and nutrients. In drinking-water wells,
one or more trace elements exceeded HHBs in untreated
water from 13 percent of public-supply wells and 13 percent
of domestic-supply wells (table 9); for pesticides, these rates
were 2.2 and 0.76 percent, respectively (Gilliom and others,
2006). Similarly, about 2 percent of public-supply wells and
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Table 9. Percentage of samples collected across the United States for the NAWQA Program from which one or more trace elements
exceeded human-health benchmarks by primary water use and study type, 1992—2003.

[TE, trace elements; VOCs, volatile organic compounds; --, not applicable]

Public-supply wells Domestic-supply wells Monitoring wells All wells
Percentage Percentage Percentage Percentage
Study type Number of samples Number of samples Number  of samples Number  of samples
sampled exceeding sampled exceeding sampled exceeding sampled  exceeding
benchmark benchmark benchmark benchmark
Trace-element studies
Agricultural land use 0 -- 402 9.5 904 26 1,306 21
Urban land use 9 33 17 29 740 28 766 28
Major aquifer study 372 12 1,895 13 188 26 2,455 14
All TE studies 381 13 2,314 13 1,832 27 4,527 19
Other contaminant groups
All VOCs studies' 340 2.1 1,606 1.1 1,060 1.5 3,006 1.4
All pesticides studies? 364 2.2 2,356 0.76 2,293 2.5 5,013 1.7
All nitrate studies® 384 3.0 2,388 7.0 1,902 12 4,674 8.7

'Zogorski and others, 2006.
2Gilliom and others, 2006.
’Dubrovsky and others, 2010.

1 percent of domestic-supply wells had one or more VOCs
greater than HBSLs (Zogorski and others, 2006). Nitrate
exceeded its MCL in 3 percent of public-supply-well samples
and 7 percent of domestic-supply-well samples (Dubrovsky
and others, 2010), yet still did not approach the exceedence
rate for trace elements.

HHB exceedences varied by element. Overall, 17 of 19
trace elements with defined HHBs had some exceedences
(table 4). Seven of the 19 exceeded benchmarks in at least
1 percent of water samples (table 4). Mn occurred most often
at concentrations greater than its HHB (12 percent), followed
by As (7.0 percent), Sr (4.3 percent), U (4.0 percent), B
(1.9 percent) and Mo (1.5 percent). Rn is a special case
because it has a proposed two-tier benchmark that accom-
modates state-specific programs related to the mitigation
of Rn in air. In the case of Rn, 65 percent of samples had
concentrations greater than the USEPA-proposed MCL of
300 pCi/L, and 2.7 percent had concentrations greater than
the USEPA-proposed AMCL of 4,000 pCi/L (table 4). For all
other elements with defined HHBs, concentrations greater than
those benchmarks occurred in fewer than 1 percent of samples.
Similar rates of exceedence of HHBs for trace elements were
found in a study that used only domestic wells sampled by
the NAWQA Program (DeSimone, 2009). Radionuclides, As,
Mn, Sr, and B were the contaminants exceeding HHBs most

frequently in a national study of source-water samples from
public wells (Toccalino and others, 2010).

Because trace elements tend to occur at different
concentrations in dry and humid climates, the rates of HHB
exceedence also vary by climate. For example, in dry regions,
concentrations of As exceeded the MCL of 10 pg/L in
11 percent of samples compared to fewer than 5 percent in
humid regions (table 5). Sr concentrations were greater than
the HBSL of 4,000 pg/L in about 9 percent of dry-region
samples compared to 1 percent in humid regions. U exceeded
the 30 pg/L MCL in 7.5 percent of dry-region samples and
in only 2.1 percent of humid-region samples (table 5). Se
concentrations in groundwater were not commonly greater
than the USEPA MCL of 50 pg/L but were greater than the
MCL about 8 times more frequently in the dry-region samples
than in the humid-region samples (0.4 and 0.05 percent,
respectively). As discussed previously, these differences may
reflect the generally high mobility of some of these elements
(As, Se, U) in high-pH, high-TDS groundwater.

Trace-Element Occurrence and Concentrations
in Groundwater by Major Aquifer Group

Groundwater trace-element occurrences in relation
to aquifer geology are described for eight major groups of
aquifers in the United States. Most wells in aquifers sampled



in this study were in humid regions, although the basaltic- and
other volcanic-rock (BAV) aquifers were in predominantly
dry regions. Only aquifers in unconsolidated sand and gravel
(USG) and in sandstone and carbonate rock (SCR) had fewer
than 85 percent of wells in one climate region. For samples
from the SCR group, 79 of the 222 (36 percent) were in humid
regions. Groundwater samples in the USG aquifer group (the
largest group of samples in this study) were more evenly split
between dry and humid regions, with 723 of the 1,801 wells
(40 percent) in humid regions.

Dominant water types, based on major-ion chemistry,
were determined to provide a description of each major
aquifer group (fig. 6). Because some ions are geochemically
active or redox sensitive, water type is useful in analyzing
the occurrence of some trace elements. Trace-element and
Rn concentrations in groundwater were compared to current
and proposed HHBs. In many cases, median concentrations
of a trace element in the aquifer groups were less than the
corresponding HHBs, so higher percentiles, such as the
75th or 95th percentiles, were compared. In selected cases,
sources and processes controlling trace-element concentrations
and, if applicable, unusually high or low concentrations
were examined.

Summary statistics (percentiles) of the concentrations
of trace elements and Rn and the percentages of samples in
which concentrations exceeded current and proposed HHBs
and nonhealth guidelines for each major aquifer group are
shown in appendix 3. The median concentrations for all trace
elements in all of the major aquifer groups were less than
established HHBs and nonhealth guidelines (table 10). Radon
concentrations, however, were greater than the USEPA-pro-
posed MCL of 300 pCi/L in more than 50 percent of wells in
five of the eight aquifer groups (table 10).

Groundwater concentrations of 12 different elements
were above current or proposed HHBs (or nonhealth guide-
lines) in at least 1 percent of samples in at least one aquifer
group (table 10, blue shading). Fe, Mn, and Rn exceeded
HHBs (or nonhealth guidelines) in some water samples in
all aquifer groups. The USG, GLA, and SAN aquifer groups
had at least eight elements that exceeded current or proposed
HHBs or nonhealth guidelines in at least 1 percent of water
samples, and Al, As, Fe, Mn, Rn, and Sr concentrations
exceeded HHBs or nonhealth guidelines in all three aquifer
groups. The SCS, SCR, CAR, and BAV groups had five or
fewer elements that exceeded current or proposed HHBs or
nonhealth guidelines in at least 1 percent of water samples
(combinations of As, Fe, Pb, Mn, Rn, or Sr). The CRL aquifer
group was similar but also included HHB or nonhealth-guide-
line exceedences of U and Al. Sr exceeded HHBs or nonhealth
guidelines in at least 1 percent of the water samples from the
USG, GLA, SAN, and SCR aquifer groups, but in the SCR,
more than 26 percent exceeded the HHBs or nonhealth guide-
lines. Mo exceeded HHBs or nonhealth guidelines in more
than 1 percent of the samples in the USG and GLA aquifer
groups (table 10).
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Unconsolidated Sand and Gravel Aquifers (USG)

Groundwater samples from the USG aquifer group were
predominantly of the calcium-magnesium-bicarbonate
(Ca-Mg-bicarbonate or mixed bicarbonate) type (fig. 6A)
with a median pH of 7.3 (fig. 7). These samples had the largest
variability in water type, however, with many samples in the
sodium-chloride (Na-Cl) and Ca-Mg-sulfate fields; this vari-
ability may be related to differences in the lithologic composi-
tions of the original source materials from which the sand and
gravel was derived, as well as climate differences between the
sampling locations.

Generally, trace-element concentrations in groundwater
samples from USG wells are among the highest of any of
the aquifer groups described in this report. Concentrations of
As, B, Li, Mo, Se, U, and V (and HHB exceedences) were
generally greater in the USG than in any other aquifer groups
(table 10).

About 9 percent of water samples in the USG have
U concentrations above the USEPA drinking water MCL
(table 10). This is the greatest rate among all of the aquifer
groups for U and accounts for about 95 percent of all U
HHB exceedences. Sr exceeded the HHB of 4,000 ug/L in
5.2 percent of samples (mostly in western aquifers), which
accounts for about 45 percent of Sr benchmark exceedences
for all aquifer groups combined.

Concentrations of As and U in all groundwater samples
in the USG aquifer group were most often above the USEPA
drinking water MCLs of 10 and 30 pg/L, respectively, in the
western principal aquifers, such as the Basin and Range basin-
fill aquifers, California Coastal Basin aquifers, Central Valley
aquifer system, Rio Grande aquifer system, and High Plains
aquifer (figs. 3, 4C and V). In many cases, several oxyanion-
and ion-complex-forming trace elements are correlated
(rho > 0.5) with each other and also with bicarbonate,
sulfate, and TDS. Many of these samples had relatively high
groundwater pH, which can enhance the solubility of trace
elements such as As, B, Mo, Se, and U (Dubrovsky and others,
1991; Fujii and Swain, 1995; Welch and others, 2000; Focazio
and others, 2001; Smedley and Kinniburgh, 2002; Welch and
Stollenwerk, 2003).

In the generally humid eastern regions, As concentrations
were greatest in groundwater samples from the Mississippi
River Valley alluvial aquifer and the surficial aquifer system
(southern Florida). In the Mississippi River Valley alluvial
aquifer, the occurrence of As appears to be associated with the
reductive dissolution of Fe oxide coatings on aquifer materials
possibly coupled with the oxidation of lignite and peat (Kresse
and Fazio, 2003). Uranium occurs in groundwater in the surfi-
cial aquifer system (Florida) and may be related to phosphate
deposits containing U in the limestone-derived sediments of
the Tamiami Formation (Meyer, 1989). U in shallow oxic
groundwaters may form soluble complexes with bicarbonate
and phosphate in the aquifer (Meyer, 1989).
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A. Unconsolidated sand and gravel aquifers (USG) B. Glacial unconsolidated sand and gravel aquifers (GLA)

Calcium Chloride plus fluoride plus nitrite plus nitrate Calcium Chloride plus fluoride plus nitrite plus nitrate
Percentage of total milliequivalents per liter Percentage of total milliequivalents per liter
C. Semiconsolidated sand aquifers (SCS) D. Sandstone aquifers (SAN)

0
2 % % B s & 8
Calcium Chloride plus fluoride plus nitrite plus nitrate Calcium Chloride plus fluoride plus nitrite plus nitrate
Percentage of total milliequivalents per liter Percentage of total milliequivalents per liter
EXPLANATION
Oxic o Mixed Anoxic

Figure 6. Major-ion chemistry by redox class for (A)unconsolidated sand and gravel aquifers, (B) glacial unconsolidated sand and
gravel aquifers, (C) semiconsolidated sand aquifers, (D) sandstone aquifers, (E) sandstone and carbonate-rock aquifers, (F) carbonate-
rock aquifers, (G) basaltic- and other volcanic-rock aquifers, and (H) crystalline-rock aquifers.
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E. Sandstone and carhonate-rock aquifers (SCR) F. Carbonate-rock aquifers (CAR)

2 % % B o
Calcium Chloride plus fluoride plus nitrite plus nitrate Calcium
Percentage of total milliequivalents per liter

S S & & $
Chloride plus fluoride plus nitrite plus nitrate
Percentage of total milliequivalents per liter

G. Basaltic- and volcanic-rock aquifers (BAV) H. Crystalline-rock aquifers (CRL)

Calcium Chloride plus fluoride plus nitrite plus nitrate Calcium Chloride plus fluoride plus nitrite plus nitrate
Percentage of total milliequivalents per liter Percentage of total milliequivalents per liter
EXPLANATION
Oxic o Mixed Anoxic

Figure 6. Major-ion chemistry by redox class for (A)unconsolidated sand and gravel aquifers, (B) glacial unconsolidated sand and
gravel aquifers, (C) semiconsolidated sand aquifers, (D) sandstone aquifers, (E) sandstone and carbonate-rock aquifers, (F) carbonate-
rock aquifers, (G) basaltic- and other volcanic-rock aquifers, and (H) crystalline-rock aquifers.—Continued
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T T T T T T T
1,798 1,190 482 399 222 482 230 219 EXPLANATION

230 Number of samples
90th percentile
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10th percentile
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Figure 7. Distributions of pH by major aquifer group. Letters representing nonparametric
Tukey group are shown below boxes. Groups with different letters are significantly different
(alpha = 0.05). USG, unconsolidated sand and gravel aquifers; GLA, glacial unconsolidated
sand and gravel aquifers; SCS, semiconsolidated sand aquifers; SAN, sandstone aquifers;
SCR, sandstone and carbonate-rock aquifers; CAR, carbonate-rock aquifers; BAV, basaltic-
and other volcanic-rock aquifers; and CRL, crystalline-rock aquifers.

Glacial Unconsolidated Sand and Gravel North Dakota (table 10; fig. 4V). U concentrations in
Aq uifers (G L A) groundwater in this region may be related to the incorporation
of uraniferous Cretaceous-age shale in the glacial sediments

The water type of the GLA groundwater samples was (Tourtelot, 1956; Seiler and others, 2003; Ayotte and others,

predominantly Ca-Mg bicarbonate but with some samples 2007; Groschen and others, 2008). Groundwater samples

having a Na-Cl influence (fig. 6B). The median pH of samples ~ from glacial sediments derived in part from crystalline

from this aquifer group was 7.1 (fig. 7). The GLA aquifer rocks, primarily in Minnesota, had comparatively low U

group had the greatest percentage of mixed and anoxic sam- concentrations. Arsenic, by contrast, appears to be more

ples (and the lowest percent of oxic) of all of the categories in  strongly related to geochemical controls such as redox and
this report (fig. 6B; table 1). Some of the GLA groundwater pH (Warner, 2001; Thomas, 2003, 2007).
samples had relatively high percentages of Na and Cl, and Mo and Sr concentrations in water from wells in the GLA
most of those samples were oxic, possibly because of shallow  were above HBSLs in 2 and 1.2 percent of samples, respec-
groundwater that had been affected to some extent by land use  tively (table 10). These Mo samples were from groundwater
(deicing chemicals, septic use, urbanization, and agriculture). primarily in the central portion of the GLA, including Illinois
The sources of trace elements, aquifer geochemistry, and and Indiana (fig. 40). Mo correlates most strongly with bicar-
redox varied greatly within this aquifer group, in part because  bonate (rho equal to 0.58, p less than 0.001, N equal to 149),
of the wide array of source rocks that affected the composition ~ Sr (rho equal to 0.53, p less than 0.0001, N equal to 245), and
of the glacial sediments. As (rho equal to 0.47, p less than 0.0001, N equal to 470).
Mn exceeded the HBSL (300 pg/L) in about 20 percent of ~ Arsenic and Mo commonly occur as oxyanions in water and,
all water samples in the GLA—more than in samples from any  as such, may be released by redox- or pH-driven desorption

other major aquifer group (table 10). This rate of exceedence from mineral oxides. The correlation of As with Mo concen-
may be related to the relatively high percentage of mixed trations has been noted in studies of other areas in Illinois and
and anoxic samples in the GLA as well as commonly low pH Canada (Warner, 2001; Thomas, 2003). Sr concentrations were
conditions (compare figs. 2, 3A, 6B, and 4N). Arsenic also greatest in water samples in the east-central part of the GLA,
is a common trace element with concentrations above HHBs primarily in Illinois, Indiana, and Ohio (fig. 4T). Sr is rela-

in water samples from the GLA aquifer group, as are Al, B, tively insoluble in water except when it forms complexes with

Fe, Mo, Rn, and Sr. Arsenic occurred at concentrations above anions, such as sulfate or carbonate; in water samples from the
10 pg/L in nearly 7 percent of 512 samples (table 10). U was GLA, Sr was correlated with bicarbonate (rho equal to 0.64,
greater than 30 pg/L in 0.5 percent of 640 samples, and most p less than 0.0001, N equal to 95) and sulfate (rho equal to

of these samples came from the west-central region, especially  0.44, p less than 0.0001, N equal to 256).
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Semiconsolidated Sand Aquifers (SCS)

Groundwater samples from the SCS aquifer group con-
sisted of a wide mix of water types (fig. 6C). Most samples
from the SCS had either bicarbonate or Cl as the predominant
anion, but some waters had a strong sulfate component. The
bicarbonate-chloride-sulfate signature of these waters may be
a reflection of the marine depositional history of these eastern
and southern coastal plain sediments. Groundwater samples
from the Northern Atlantic Coastal Plain aquifer system were
predominantly of the sulfate type, whereas samples from the
Mississippi Embayment aquifer system, Coastal Lowlands
aquifer system, and the Texas Coastal uplands aquifer system
were predominantly of the bicarbonate type.

The median pH of water samples from this aquifer
group (5.5) was the lowest among all the aquifer groups
(fig. 7); however, there was variability within this aquifer
group. For example, the water samples from the Northern
Atlantic Coastal Plain aquifer system and the Southeastern
Coastal Plain aquifer system collectively had a median pH of
5.1, whereas the samples from the Coastal Lowlands aquifer
system, Mississippi embayment aquifer system, and Texas
coastal uplands aquifer system had median pH values of 6.6,
6.3, and 7.6, respectively. Differences in pH may affect the
solubility of certain trace elements.

In water samples from the SCS aquifer group, Al, Fe, Pb,
Mn, and Rn concentrations were above current or proposed
HHBs or nonhealth guidelines in 1 percent or more of samples
(table 10). The greatest concentrations of Al, Fe, Pb, and Mn
were measured in water samples from the Northern Atlantic
Coastal Plain and Southeastern Coastal Plain aquifer sys-
tems, where low pH values were likely to be a factor in their
mobility (figs. 4A, K, L, and N). Concentrations of Co also
were greatest in the water samples from the Northern Atlantic
Coastal Plain aquifer system. The same was true for Ni and
Zn; these results were consistent with the low pH of the water
in this aquifer (figs. 41, P, and X).

Concentrations of As were greatest in water samples from
the Coastal Lowlands and Northern Atlantic Coastal Plain
aquifer systems of the SCS (figs. 3, 4C). Concentrations of U
were below HHBs in all water samples from the SCS aquifers,
but concentrations above 5 ng/L were found in water samples
from the Coastal Lowlands, Southeastern Coastal Plain, and
the Texas Coastal Uplands aquifer systems (figs. 3, 4V). Con-
centrations of U were correlated with concentrations of many
dissolved ions; this correlation is consistent with mobilization
by ion complexation, which occurs in other aquifer groups.

Sandstone Aquifers (SAN)

The sandstone aquifer group covers large areas of the
east- and west-central parts of the United States (fig. 3A). The
water type of samples from the SAN aquifers was variable
but predominantly of the Ca-Mg-bicarbonate type. Some
samples had a substantial percentage of Na and proportionally
more sulfate (fig. 6D). Differences in water type may reflect

differences in climate and (or) local differences in aquifer
chemistry. The Na-dominated samples, for example, were
mainly from the Lower Tertiary sandstone aquifers in
Wyoming, where processes involving ion exchange of Ca
for Na on aquifer materials and sulfate reduction may have
been responsible for differences in water type (Bartos and
others, 2005).

The pH of water samples from the SAN aquifers also var-
ied locally with a median value of 7.3. Groundwater samples
from Pennsylvanian aquifers and from the Woodbine aquifer
(Dallas-Fort Worth metropolitan area) (fig. 3A) had substan-
tially lower pH values (medians of 6.3 and 6.8, respectively)
than other SAN water samples. Groundwater samples from
the Lower Tertiary aquifers (primarily in the Bighorn Basin)
had a median pH of 8.1 and tended to be of the Na-bicarbonate
type, which transitioned to Na-sulfate type as TDS increased
(Bartos and others, 2005). The median TDS value for all of the
water samples from the Lower Tertiary aquifers and the
Woodbine aquifer was more than 1,300 mg/L (compared to
less than 300 mg/L for all other SAN water samples).

Groundwater samples from the SAN aquifer group
had eight elements (Al, As, Cd, Fe, Mn, Ni, Rn, and Sr)
with more than 1 percent of concentrations above current
and proposed HHBs and nonhealth guidelines; however,
percentages were less than 2 percent, except for Fe, Mn, Ni,
Rn, and Sr (table 10). Concentrations of As were greatest in
groundwater samples from the northeastern parts of the Early
Mesozoic basin aquifers and the Valley and Ridge aquifers
(75th-percentile value greater than 3 pg/L) and also in the
Woodbine aquifer and Lower Tertiary aquifers (75th-percentile
value greater than 1 ug/L). Concentrations of As from all
samples were most strongly correlated with Mo (rho equal to
0.41, p less than 0.001, N equal to 256).

Concentrations of U were greatest in the Woodbine
aquifer, Early Mesozoic basin aquifers, and Lower Tertiary
aquifers (75th-percentile value greater than 3 pg/L). At the
principal aquifer scale, sulfate, alkalinity, bicarbonate, specific
conductance, and Mo are among the most significant corre-
lates with U.

Sandstone and Carbonate-Rock Aquifers (SCR)

Groundwater samples from the SCR aquifer group—the
Edwards-Trinity aquifer system in south-central Texas and the
Mississippian aquifers primarily in Tennessee and Alabama
were predominantly of the Ca-Mg-carbonate type (figs. 3A,
6E). A few water samples, mostly from the Mississippian aqui-
fers, had a Na-CI component. The pH of waters from the SCR
aquifers is variable, with the median from the Edwards-Trinity
aquifer system (dry climate) equal to 7.0 and that from the
Mississippian aquifers (humid climate) equal to 6.6 (fig. 7).

Sr exceeded the HBSL of 4,000 pg/L (table 10) in more
than 25 percent of samples from the aquifers in SCR—
much greater than in other aquifer groups—however, these
Sr concentrations were not evenly distributed across this
aquifer group. For example, Sr concentrations exceeded the



HBSL in about 10 percent of water samples from wells in the
Edwards aquifer and in about 50 percent of water samples
from the Trinity aquifer in south-central Texas (figs. 3, 4T).
The source of the Sr is likely the argillaceous carbonate rocks
that underlie the aquifer system (Oetting and others, 1996;
Musgrove and Banner, 2004). Sr in groundwater samples
from the Trinity aquifer correlated most strongly with specific
conductance, sulfate, TDS, and K (rho equal to 0.64 to 0.55,
p less than 0.001, N equal to 29). Median concentrations of
Rn were near the USEPA-proposed MCL of 300 pCi/L in
groundwater samples from the Trinity aquifer and about

150 pCi/L in groundwater samples from the Edwards aquifer.
Median Rn concentrations groundwater samples from the
Mississippian aquifers were about 600 pCi/L.

Carbonate-Rock Aquifers (CAR)

Groundwater samples from wells in carbonate-rock aqui-
fer group were predominantly of the Ca-Mg bicarbonate type
(fig. 6F). The chemistry of most samples indicated recharging
groundwater (Ca bicarbonate) to evolved groundwater (dis-
solution of dolomite and gypsum) (Hanshaw and Back, 1979;
Back and others, 1988).

Most of the groundwater samples were collected from
these aquifers in humid parts of the United States, and very
few elements (As, Fe, Mn, Rn) above current or proposed
HHBSs or nonhealth guidelines were detected (table 10). Al,
As, Rn, Sr, and U concentrations were elevated locally in
the carbonate-rock aquifers. Al, for example, was above
50 pg/L in samples from only the Ozark Plateaus aquifer sys-
tem, whereas As concentrations were greatest in the samples
from the Biscayne aquifer and Floridan aquifer system. Rn
was above the USEPA-proposed AMCL of 4,000 pCi/L in only
one groundwater sample from the Floridan aquifer system, but
median concentrations exceeded the USEPA-proposed MCL
of 300 pCi/L in most of the samples from this aquifer group.

Sr, a common element in carbonate-aquifer waters, was
analyzed in water samples from the carbonate rocks of only
the Valley and Ridge aquifers and Biscayne aquifers. The
95th-percentile value for Sr in these samples exceeded
1,000 pg/L, and the median in water samples from the
Biscayne aquifer was greater than 750 pg/L. U also
occurred in some water samples in the Biscayne aquifer,
with the 95th-percentile value exceeding 24 and 15 pg/L in
samples collected from shallow and deep positions in the
aquifer, respectively.

By contrast, As concentrations in 30 groundwater
samples from a dry-region carbonate aquifer in the Great
Basin (Nevada and Utah) ranged from 0.7 to 45.7 pg/L with
a median value of 9.7 ng/L (Schaefer and others, 20006).
Processes identified as leading to the mobilization of As in
groundwater include geothermal heating and long time of
travel along a flow path. For example, in the central part of
this carbonate-rock aquifer, groundwater flow is generally
from north to south, and As concentrations also increase in this
direction (Schaefer and others, 2000).
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Basaltic- and other Volcanic-Rock Aquifers
(BAV)

The fewest groundwater samples were collected from
the BAV aquifer group, partly because of the smaller areal
distribution of these deposits. Fewer than 100 water samples
were collected for each trace element except Fe (N equal to
232) and Mn (N equal to 228) (table 10). The water type of the
groundwater samples from BAV aquifer group was mixed but
tended toward either Ca-Mg bicarbonate or Ca-Mg chloride
(fig. 6G). The median pH of water samples from this aqui-
fer group (7.7) was the highest among the aquifer groups in
this report (fig. 7). The pH of water in these aquifers may be
increased by processes such as silicate hydrolysis and carbonic
acid weathering (Wood and Fernandez, 1988). The former pro-
cess results in the addition of hydroxyl ions to the water, rais-
ing the pH, whereas in the latter, bicarbonate ions are added.
Ion exchange of Na for Ca can further increase the dissolution
of calcite, resulting in still higher pH (Wood and Fernandez,
1988). The water samples from the BAV aquifer group had
only four elements above HHBs or nonhealth guidelines
(table 10), although As was found above 10 pug/L in 6.2 per-
cent of water samples (all from the Upper Snake River basin),
and Rn was above the USEPA-proposed MCL of 300 pCi/L in
43 percent of water samples (table 10).

Crystalline-Rock Aquifers (CRL)

The water type of samples from the CRL aquifer group
was predominantly Ca bicarbonate to mixed Ca-Mg-Na
bicarbonate, but with some samples having a stronger Na-Cl
influence (fig. 6H). The median pH of water samples from
crystalline-rock aquifers was about 6.5 (fig. 7); however, pH
was slightly alkaline (7.3) in New York and New England and
the Rocky Mountain Front Range crystalline-rock aquifers,
and somewhat acidic (5.9) for the Piedmont and Blue Ridge
crystalline-rock aquifers. This variation was evident from the
large interquartile range for pH (1.6 pH units) for the CRL
water samples (fig. 7). Concentrations of six elements (Al, As,
Fe, Mn, Rn, and U) were greater than HHBs and nonhealth
guidelines in at least 1 percent of the groundwater samples
from the CRL aquifer group (table 10). Arsenic exceedences of
HHBs in the CRL were 5.4 percent but jumped to 17 percent
in samples from the CRL aquifers in the eastern part of New
England. U was greatest in groundwater from CRL aquifers
in the Northeast (New York and New England) and the Rocky
Mountain Front Range (95th-percentile values of 18 and
220 pg/L, respectively), whereas 95th-percentile concentra-
tions in samples from the Piedmont and Blue Ridge CRL aqui-
fers ranged from 1.9 to 6.7 pg/L. Water from the CRL aquifers
had the greatest Rn concentrations of any aquifer group. For
example, 92 percent of Rn concentrations from this aquifer
group were greater than the USEPA-proposed MCL of
300 pCi/L, and 28 percent of concentrations from CRL
samples were greater than the USEPA-proposed AMCL of
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4,000 pCi/L (table 10; appendix 3). Rn concentrations were,
by far, greater in the water samples from CRL aquifers in New
York and New England (fig. 4Q).

Concentrations of As in water samples from the CRL
were correlated most strongly with pH (rho equal to 0.32,
p less than 0.0001, N equal to 223) and redox as indicated by
DO concentration (rho equal to -0.34, p less than 0.0001,
N equal to 221). U in the samples from the CRL aquifers was
correlated with many water-quality and well-construction
parameters, including Mo, Ca, pH, specific conductance, TDS,
Na, and well depth, collectively indicating possible complex-
ation of U with bicarbonate. U concentrations were also corre-
lated with Rn in the CRL aquifers, but Rn was correlated with
no other elements at the aquifer-group level. In water from
the CRL aquifers in New York and New England, however,
Rn correlated weakly with Pb (rho equal to 0.38, p less than
0.0005, N equal to 82).

Relation of Selected Trace Elements to pH and
Redox State

The effects of redox and pH account for substantial
additional variability in the concentrations of trace elements
in groundwater among the major aquifer groups. Other factors
such as water type, TDS, organic matter, and biological
activity also may influence trace-element concentrations and
may account for unexplained variability in the expected redox-
and pH-related behavior of some trace elements. Most trace
elements are sensitive to redox conditions in groundwater,
either because that element can occupy multiple redox states
in natural waters, or because the redox state controls the
concentration of soluble complexes. Variation in pH has an
effect on the adsorption of many trace elements, as well as
on the solubility of some concentration-limited hydroxide
solid phases (such as Fe and Mn). Some redox-sensitive trace
elements are more mobile under low pH and oxic conditions.
For example, Cd, Cu, Pb, and Zn can increase from 0 to
100 percent adsorption on oxide-hydroxides over a pH
range of 2 standard units (Salbu and Steinnes, 1994). Other
elements, such as Fe and Mn, are mobile under low pH
and (or) anoxic conditions. Some oxyanion-forming trace
elements, by contrast, are generally more mobile under high
pH conditions and include As, Cr, Mo, Se, and V. Arsenic
sorption, for example, decreases as pH increases (Smedley and
Kinniburgh, 2002; Stollenwerk, 2003).

In this report, groundwater samples are classified into
three simplified redox states: oxic, mixed, and anoxic
(table 2) based on a scheme that uses commonly measured
ions and properties of the water sample to assess the redox
state (Chapelle and others, 1995; Chapelle and others, 2002;
Paschke, 2007; McMahon and Chapelle, 2008; McMahon
and others, 2009). Most samples were oxic according to this

scheme (fig. 2A). About 70 percent or more of the water sam-
ples in the USG, SCR, CAR, BAYV, and CRL aquifer groups
were classified as oxic. By contrast, more than 50 percent

of groundwater samples in the GLA, SCS, and SAN aquifer
groups were classified as mixed or anoxic (table 1). Gener-
ally, anoxic and mixed redox conditions were more common
in well water in the humid parts of the United States, whereas
oxic conditions were more common in well water in the dry
regions (fig. 2A). Additional information on Fe and other
trace-element guideline exceedences for categories of pH and
redox are shown in appendix 4.

The median pH varies by aquifer group and is above or
equal to 7 for the samples from the USG, GLA, SAN, CAR,
and BAV groups and below 7 for the samples from the SCS,
SCR, and CRL groups (fig. 7). The pH of precipitation is
lower in the eastern part of the United States than in the west
(fig. 2B), and acidification of groundwater from external fac-
tors, such as acid deposition related to increased fossil-fuel
burning, can be associated with the mobility of trace metals in
recently recharged (post-1960) groundwater (Jacks, 1993).

Iron and Manganese

Based on the redox classification scheme used in this
report, samples with high Fe or Mn (concentrations greater
than 0.1 or 0.05 mg/L, respectively) were considered to be
anoxic (table 2). Therefore, Fe and Mn occurred most often
in mixed and anoxic samples and least often in oxic samples
(figs. 8K, N). For samples with data sufficient for the infer-
ence of redox status, 19 percent had DO less than or equal to
0.5 mg/L and high Fe/Mn, 62 percent had low Fe/Mn and DO
greater than 0.5 mg/L, and 19 percent had high Fe/Mn and DO
greater than 0.5 mg/L. Thus, 81 percent of the time, Fe/Mn
and DO were mutually exclusive under the above conditions.

Aluminum, Copper, Lead, and Zinc

Al, Cu, Pb, and Zn are common elements in the environ-
ment and are found in materials and products used in drinking-
water-well construction and plumbing. It is therefore difficult
to determine the extent to which the concentrations of these
elements in water samples from drinking-water wells are
related to these materials or to other sources. Additionally, bias
caused by systematic contamination of samples was identi-
fied for Al and Zn through analysis of water initially free of
these elements (Apodaca and others, 2006). Thus, results from
analyses of these elements at concentrations near the reporting
levels must be considered in light of the potential bias.

Redox effects on trace-element occurrence and distribu-
tion are often, but not always, similar among the major aquifer
groups. In groundwater samples from the USG, Al occurrence
generally increased as samples became more anoxic in both
pH categories (figs. 8A and 9A). Al exceeded the nonhealth



guideline in up to 3 percent of water samples from the major
aquifer groups and most commonly exceeded guidelines under
low-pH and mixed or anoxic conditions (table 10). Cu also
was sensitive to redox and pH, occurring more frequently
under low-pH and oxic conditions in about half of the aquifer
groups (fig. 8J). Pb, based on solubility considerations, is more
mobile under low-pH conditions (Hem, 1985), and this was
true for most water samples (figs. 9B and 8L).

Additional variation in redox and pH effects within the
same aquifer group may be related to climate. For example, in
the humid-region USG aquifers, Pb in groundwater occurred
more frequently and was more strongly redox controlled in the
high-pH samples than in the low-pH samples (fig. 10B). In the
dry-region USG aquifers, redox and pH effects for groundwa-
ter Pb occurrence were less discernible. Further, Cu occur-
rence in groundwater was not sensitive to pH in either region
but was redox sensitive in humid-region samples (fig. 10C).
Zn occurrence in groundwater showed a clear sensitivity to
redox in the humid-region USG aquifers but not in dry-region
aquifers (fig. 10D).

Arsenic, Chromium, Molybdenum, and Selenium

As, Cr, Mo, and Se commonly form oxyanions in ground-
water that are affected by redox and pH, and thus the chemical
behavior of these elements is somewhat predictable. The per-
centage of samples with As, for example, generally increased
from oxic to anoxic redox conditions when pH was less than
7, but was consistently greater than 50 percent when pH was
greater than or equal to 7 (fig. 11A). A similar pattern was seen
for Mo (fig. 11C) and, to a lesser extent, Cr (fig. 11B). The
pattern was opposite and applied in both pH categories for Se,
which is more soluble under oxic conditions (fig. 11D). For
As, Cr, and Mo, the lack of redox sensitivity at high pHs may
be related to pH-driven desorption or ion competition, which
either obscures or reduces the redox effects that were seen in
the low-pH samples.

Some deviation from these general patterns occurred by
aquifer group and by aquifer, but the general patterns may
indicate the relative importance of different processes in spe-
cific aquifer settings. For example, in the GLA aquifer group,
As concentrations and occurrence increased significantly as
samples became increasingly anoxic and as pH increased
(figs. 12A and B). These results are similar to findings from
other regional studies (Thomas, 2007). For groundwater
samples from the USG aquifer group, however, As occur-
rence increased significantly as pH increased, but only for
oxic and mixed conditions (figs. 12C and D). In the high-pH
USG samples, there were no differences in the groundwater
As concentrations or occurrence rates among redox categories.
This result suggests that As mobility in some settings may be
less controlled by redox when pH is greater than 7.
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Occurrences of Mo and to some extent Cr in groundwa-
ter from the GLA aquifer group also increased as the water
became more anoxic for both low- and high-pH samples
(figs. 8H, O, 11B and C). Se occurrence, by contrast, dropped
off sharply from oxic and mixed to anoxic water samples
(figs. 8R, 11D). Se occurred at concentrations greater than
1 pg/L in fewer than 30 percent of water samples from most
aquifer groups except the USG group, from which concentra-
tions in as many as half of the samples in the oxic or mixed
categories were greater than 1 pg/L (fig. 8R). This result is
consistent with results from studies in the San Joaquin Valley
in California, where Se mobility was greater under oxic condi-
tions (Dubrovsky and others, 1993; Fujii and Swain, 1995).
These studies showed that Se was controlled by redox condi-
tions, with only selenate (SeO,*) being mobile under oxic
conditions. B, and to some extent V, appeared redox sensitive
(figs. 8F, W) and generally followed the behavior of As and
Mo (figs. 8C, O).

Uranium and Radon

U occurrence in groundwater was redox and pH
dependent, occurring most frequently in samples with oxic
or mixed redox conditions and generally under high-pH
conditions (fig. 8V). However, because U can form soluble
complexes under a wide range of redox and pH conditions that
are common in groundwater across the United States, U also
is sometimes found in water samples that are characterized as
anoxic and low pH, possibly because of ion complexation
or competition.

Concentrations of Rn, a nonreactive gas, showed rela-
tions to redox and (or) pH conditions in the water samples
from several aquifer groups. In general, Rn occurred most
often in low-pH, oxic water samples. In groundwater from
the CRL aquifer group, Rn occurrence was nearly ubiquitous,
owing to the abundant U-bearing minerals in the rocks of the
region and to the associated presence of radium (***Ra, which
decays directly to Rn) on or near fracture surfaces. In ground-
water samples from the GLA aquifer group, however, both
redox and pH were related to occurrence (fig. 8Q). The appar-
ent redox relation may be due in part to the decreased solubil-
ity of *Ra in oxic groundwater conditions. This suggests that
the source strength and (or) emanation efficiency for radon is
possibly enhanced in the shallow part of the aquifer, perhaps
due to greater weathering of radionuclides from aquifer mate-
rials or the flushing or depletion of sources of radon (***Ra)
in the deeper parts of the aquifer. Oxic, low-pH groundwater
conditions are consistent with the relative immobility of *’Ra
in the shallow aquifer and the possible depletion of 2*°Ra in the
deeper, anoxic parts of the aquifer. Decreased solubility would
favor adsorption of 2*°Ra and provide a source for the genera-
tion of Rn (Focazio and others, 2001).
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Figure 8. The percentage of groundwater samples with trace-element concentrations greater than or equal to the reporting level, by
redox and pH categories, for the major aquifer groups: (A)aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron,

(G) cadmium, (H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M) lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon,
(R) selenium, (S) silver, (T) strontium, (U)thallium, (V) uranium, (W)vanadium, and (X) zinc. Reporting level is 1 microgram per liter
unless otherwise noted. USG, unconsolidated sand and gravel aquifers; GLA, glacial unconsolidated sand and gravel aquifers; SCS,
semiconsolidated sand aquifers; SAN, sandstone aquifers; SCR, sandstone and carbonate-rock aquifers; CAR, carbonate-rock aquifers
BAV, basaltic- and other volcanic-rock aquifers; and CRL, crystalline-rock aquifers. Error bars represent the 95-percent confidence
interval of the mean (binomial distribution). See appendix 4 for the number of samples in each category.
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Figure 8. The percentage of groundwater samples with trace-element concentrations greater than or equal to the reporting level, by
redox and pH categories, for the major aquifer groups: (A)aluminum, (B)antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron,

(G) cadmium, (H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M)lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon,
(R) selenium, (S) silver, (T) strontium, (U)thallium, (V) uranium, (W) vanadium, and (X) zinc. Reporting level is 1 microgram per liter
unless otherwise noted. USG, unconsolidated sand and gravel aquifers; GLA, glacial unconsolidated sand and gravel aquifers; SCS,
semiconsolidated sand aquifers; SAN, sandstone aquifers; SCR, sandstone and carbonate-rock aquifers; CAR, carbonate-rock aquifers
BAV, basaltic- and other volcanic-rock aquifers; and CRL, crystalline-rock aquifers. Error bars represent the 95-percent confidence
interval of the mean (binomial distribution). See appendix 4 for the number of samples in each category.—Continued
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Figure 8. The percentage of groundwater samples with trace-element concentrations greater than or equal to the reporting level, by
redox and pH categories, for the major aquifer groups: (A)aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron,

(G) cadmium, (H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M) lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon,
(R) selenium, (S) silver, (T) strontium, (U)thallium, (V) uranium, (W)vanadium, and (X) zinc. Reporting level is 1 microgram per liter
unless otherwise noted. USG, unconsolidated sand and gravel aquifers; GLA, glacial unconsolidated sand and gravel aquifers; SCS,
semiconsolidated sand aquifers; SAN, sandstone aquifers; SCR, sandstone and carbonate-rock aquifers; CAR, carbonate-rock aquifers;
BAV, basaltic- and other volcanic-rock aquifers; and CRL, crystalline-rock aquifers. Error bars represent the 95-percent confidence
interval of the mean (binomial distribution). See appendix 4 for the number of samples in each category.—Continued
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Figure 8. The percentage of groundwater samples with trace-element concentrations greater than or equal to the reporting level, by
redox and pH categories, for the major aquifer groups: (A) aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron,

(G) cadmium, (H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M) lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon,
(R) selenium, (S)silver, (T) strontium, (U) thallium, (V) uranium, (W)vanadium, and (X) zinc. Reporting level is 1 microgram per liter
unless otherwise noted. USG, unconsolidated sand and gravel aquifers; GLA, glacial unconsolidated sand and gravel aquifers; SCS,
semiconsolidated sand aquifers; SAN, sandstone aquifers; SCR, sandstone and carbonate-rock aquifers; CAR, carbonate-rock aquifers;
BAV, basaltic- and other volcanic-rock aquifers; and CRL, crystalline-rock aquifers. Error bars represent the 95-percent confidence
interval of the mean (binomial distribution). See appendix 4 for the number of samples in each category.—Continued
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Figure 8. The percentage of groundwater samples with trace-element concentrations greater than or equal to the reporting level, by
redox and pH categories, for the major aquifer groups: (A)aluminum, (B) antimony, (C) arsenic, (D) barium, (E) beryllium, (F) boron,

(G) cadmium, (H) chromium, (/) cobalt, (J) copper, (K)iron, (L)lead, (M) lithium, (N) manganese, (0) molybdenum, (P) nickel, (@) radon,
(R) selenium, (S) silver, (T) strontium, (U)thallium, (V) uranium, (W)vanadium, and (X) zinc. Reporting level is 1 microgram per liter
unless otherwise noted. USG, unconsolidated sand and gravel aquifers; GLA, glacial unconsolidated sand and gravel aquifers; SCS,
semiconsolidated sand aquifers; SAN, sandstone aquifers; SCR, sandstone and carbonate-rock aquifers; CAR, carbonate-rock aquifers;
BAV, basaltic- and other volcanic-rock aquifers; and CRL, crystalline-rock aquifers. Error bars represent the 95-percent confidence
interval of the mean (binomial distribution). See appendix 4 for the number of samples in each category.—Continued
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than; >, greater than or equal to.
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Figure 11. The percentages of samples with trace-element concentrations greater than or equal to 1 microgram per
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Relation to Groundwater Age

The occurrence of trace elements in groundwater is
related to the length of time that the water has been in contact
with the soil and underlying aquifer materials—that is, the
time elapsed since recharge. In this analysis, the presence of
trittum above the common reporting level of 2.5 pCi/L was
considered to indicate that at least some young groundwater
was present in the sample. Groundwater samples with tritium
activities less than or equal to 2.5 pCi/L are interpreted as
containing water predominantly recharged before 1953. In
general, old groundwater tends to come from deeper wells
with higher pH and lower DO (figs. 13A—C). These factors
are generally associated with deep, long flow paths and long
contact time between groundwater and aquifer materials.

Most oxyanion-forming trace elements have greater rates
of occurrence in old waters (fig. 14) and can serve as mark-
ers of chemical evolution. Fe and Mn also occurred more
frequently in older waters, although their occurrence was
greater in samples collected from humid-region aquifers. U,
which commonly forms soluble complexes under oxic and
variable-pH conditions, occurred more frequently in samples
collected from older water in the dry-region aquifers, but in
humid-region aquifers, U occurred more often in young water.
This may be indicative of processes that favor U solubility and
mobility, such as oxic conditions. In dry regions, ion compe-
tition, evaporative concentration, and complexation with bicar-
bonate and sulfate may be controlling factors (Seiler and oth-
ers, 2003), whereas in humid regions, deeper, older waters are
more often anoxic and may inhibit U mobility. Alternatively,
in humid regions, the generally low-pH recharge may more
readily dissolve U-bearing minerals in the aquifer matrix.

Al and Ni behave as expected for metals soluble at low
pH and under oxic conditions and occurred more frequently
in samples of young groundwater, especially in the dry-region
aquifers. Based on a small number of samples from the USG
aquifer group, B occurrence appeared independent of ground-
water age.

Analysis of Multiple Factors Affecting
Trace-Element Occurrence

Potential factors affecting the distribution of selected
trace elements, most of which are known to have human-
health implications, were investigated by using logistic
regression. Elements were selected for logistic regression

analyses on the basis of the rates of exceedences of HHBs and
nonhealth guidelines; in most cases, models were developed
for elements that occurred at concentrations greater than
benchmarks or guidelines in at least 1 percent of the samples
in any given aquifer group (table 10). The elements modeled
(as a dependent variable) included Al, As, B, Fe, Mn, Mo, Ni,
Rn, Se, Sr, and U (table 11). The number of modeled elements
differed among aquifer groups because the occurrence of some
elements may have been too low to model, as was the case for
B in the SCR, CAR, and CRL aquifer groups. Independent
variables used in this analysis included other trace elements,
DO, nitrate, ammonia, Mn, Fe, sulfate, pH, phosphate, major-
ion chemistry, and well depth.

The analysis was designed to identify factors related to
trace-element occurrence and mobility and to identify co-
occurrence and nonoccurrence among selected trace elements.
Trace-element concentrations were modeled as binary vari-
ables because a large proportion of samples for most trace
elements had concentrations reported as less than the LRL (or
multiple LRLs). This approach allowed the data to be used
directly without modification.

In general, the models corroborate the findings compar-
ing trace-element occurrence with redox and pH. For some
elements, only the pH or the redox variable was significant,
possibly indicating the dominance of one control over another.
Some variation in the number of variables also is likely among
aquifer groups because of the number of samples collected
from any given aquifer group. Variation in the identified
explanatory variables also may be influenced to some degree
by which trace elements were measured for any given sample.

Several explanatory variables were either positive or
negative covariates with the modeled dependent variables,
indicating that these covariates tended to co-occur or not
co-occur with the modeled trace element. In some cases,
different variables representing similar processes (for
example, low DO compared to the presence of Fe) were
selected for a given model on the basis of model-performance
statistics. Because of the effect of climate, separate models
were generated for humid-region unconsolidated sand and
gravel samples (USGH) and dry-region unconsolidated sand
and gravel samples (USGD). The variables associated with
occurrence for the selected trace elements are shown by
aquifer group in table 11. The models are summarized by the
type of independent variable, and independent variables are
arranged by groups (anions and ion complexes, cations, and
other); correlations are indicated as positive or negative. More
quantitative results for these models by aquifer group are
shown in appendix 5.
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Figure 13. The distribution of (A) dissolved oxygen, (B) well depth, and (C) pH in groundwater samples by category of age of recharge.
“0ld” refers to water samples recharged prior to 1953 (tritium activity less than or equal to 2.5 picocuries per liter), and “Young” refers
to samples with at least some fraction of water recharged after 1953 (tritium activity greater than 2.5 picocuries per liter).
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Figure 14. Percentages of groundwater samples with trace-element concentrations greater than or equal to 1 microgram per liter (ug/L)
(300 pg/L for iron and 50 pg/L for manganese) by category of age of recharge for samples from (A) dry and (B) humid regions. Number
above bar is number of samples. “0ld"” refers to water recharged prior to 1953 (tritium activity less than or equal to 2.5 picocuries per
liter), and “Young” refers to water with at least some fraction of water recharged after 1953 (tritium activity greater than 2.5 picocuries
per liter). Error bars represent the 95-percent confidence interval of the mean (binomial distribution).
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Table 11. Summary of logistic regression models for selected trace elements in groundwater sampled for the NAWQA Program across
the United States by element and major aquifer group, 1992—2003.

[USG, unconsolidated sand and gravel; GLA, glacial unconsolidated sand and gravel; SCS, semiconsolidated sand; SAN, sandstone; SCR, sandstone and car-
bonate rock; CAR, carbonate rock; BAV, basaltic and volcanic rock; CRL, crystalline rock; B, binary; N, continuous; +, positive covariate; -, negative covariate;
yellow shading indicates anions and ion complexes; blue shading indicates cations; green shading indicates other correlates]

Major aquifer group

Dependent

Type of
variable uséG UsG

variable . GLA SCS SAN SCR CAR BAV  CRL
dry humid

+ + + + + +
+ _

Explanatory variable

Aluminum Chromium
Phosphate
Arsenic
Bromide
Fluoride
Selenium
Sulfate
Nickel
Calcium
Nitrogen as ammonia
Silica
Copper
Iron
Manganese
Lead
Magnesium
Sodium

WZZWWwWwww2zZwZWwzwowwwww
+
+
+

Zinc

Arsenic Molybdenum
Uranium
Phosphate
Sulfate
Silica
Aluminum
Barium
Boron
Cobalt
Copper
Nickel
Potassium

WZWWEWwwWwZZzwWww

Zinc
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Table 11. Summary of logistic regression models for selected trace elements in groundwater sampled for the NAWQA Program across
the United States by element and major aquifer group, 1992-2003.—Continued

[USG, unconsolidated sand and gravel; GLA, glacial unconsolidated sand and gravel; SCS, semiconsolidated sand; SAN, sandstone; SCR, sandstone and car-
bonate rock; CAR, carbonate rock; BAV, basaltic and volcanic rock; CRL, crystalline rock; B, binary; N, continuous; +, positive covariate; -, negative covariate;
yellow shading indicates anions and ion complexes; blue shading indicates cations; green shading indicates other correlates]

Major aquifer group

Dependent

Tvpeof =, e USG
variable variable GLA SCS SAN SCR CAR BAV  CAL

dry humid
+ +
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o]

Boron Molybdenum
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Sulfate
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Aluminum
Magnesium
Potassium
Silica

zZz ZzZZWWZwWwW®w
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Sodium

Iron Nitrate
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Arsenic
Molybdenum
Chromium
Sulfate
Copper
Manganese
Nitrogen as ammonia

Z WwWwZWwWwwww
+
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Manganese Chromium
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Sulfate
Uranium
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Iron
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Zinc
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W WwWwWwwww=zZzwww
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Table 11. Summary of logistic regression models for selected trace elements in groundwater sampled for the NAWQA Program across
the United States by element and major aquifer group, 1992—2003.—Continued

[USG, unconsolidated sand and gravel; GLA, glacial unconsolidated sand and gravel; SCS, semiconsolidated sand; SAN, sandstone; SCR, sandstone and car-
bonate rock; CAR, carbonate rock; BAV, basaltic and volcanic rock; CRL, crystalline rock; B, binary; N, continuous; +, positive covariate; -, negative covariate;
yellow shading indicates anions and ion complexes; blue shading indicates cations; green shading indicates other correlates]

Major aquifer group

Dependent Type of USG USG
variable variable GLA SCS SAN SCR CAR BAV CRL

dry humid

Explanatory variable

Manganese-Cont.  Cobalt B +
Lead B =
Nickel B +
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Nickel
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Table 11. Summary of logistic regression models for selected trace elements in groundwater sampled for the NAWQA Program across
the United States by element and major aquifer group, 1992—2003.—Continued

[USG, unconsolidated sand and gravel; GLA, glacial unconsolidated sand and gravel; SCS, semiconsolidated sand; SAN, sandstone; SCR, sandstone and car-
bonate rock; CAR, carbonate rock; BAV, basaltic and volcanic rock; CRL, crystalline rock; B, binary; N, continuous; +, positive covariate; -, negative covariate;
yellow shading indicates anions and ion complexes; blue shading indicates cations; green shading indicates other correlates]

Major aquifer group

Dependent Type of USG USG
variable variable d GLA SCS SAN SCR CAR BAV  CRL

y humid
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Nickel-Cont. Nitrogen as ammonia B - -
Sodium + -
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Iron

Magnesium

z Z Wz Z
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Radon Molybdenum
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Table 11. Summary of logistic regression models for selected trace elements in groundwater sampled for the NAWQA Program across
the United States by element and major aquifer group, 1992-2003.—Continued

[USG, unconsolidated sand and gravel; GLA, glacial unconsolidated sand and gravel; SCS, semiconsolidated sand; SAN, sandstone; SCR, sandstone and car-
bonate rock; CAR, carbonate rock; BAV, basaltic and volcanic rock; CRL, crystalline rock; B, binary; N, continuous; +, positive covariate; -, negative covariate;
yellow shading indicates anions and ion complexes; blue shading indicates cations; green shading indicates other correlates]

Major aquifer group

Dependent Type of SG SG
variable variable U v GLA SCS SAN SCR CAR BAV  CRL

dry humid

Explanatory variable

Selenium-Cont. Aluminum B -
Sodium N +

Strontium Molybdenum
Sulfate
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Calcium
Manganese
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Copper
Nickel
Silica
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Cationic Elements

Low pH was a significant factor in the occurrences of
many cationic metals such as Al, Fe, Mn, and Ni. In general,
these metals, as well as Cu, Pb, and Zn, adsorb more strongly
to aquifer materials as pH increases (McLean and Bledsoe,
1992; Salbu and Steinnes, 1994). Because of the similarity
in behavior, many of these metals co-occurred in the samples
used in this study. For example, Al covaried with Ni in
groundwater from five of nine aquifer groups. Al covariation
with Ni was generally found in aquifer groups with greater
proportions of samples having anoxic conditions. Nitrogen
as ammonia (an indicator of anoxic conditions) co-occurred
with Al in the USGH, SCS, and SAN aquifer groups, whereas
silica was inversely related to Al in the USGD, SCS, and CRL
aquifer groups. In general, low pH was a strong geochemical
predictor of groundwater Al occurrence, affecting the GLA,
SCS, BAYV, and CRL aquifer-group samples.

These findings are partly corroborated by analysis of the
most significant covariates for Al across all aquifer groups.
The percentage of samples with Al concentrations greater
than or equal to 1 pg/L is less than 40 from samples collected
from old water and without concentrations of Ni or Cr greater
than or equal to 20 and 1 pg/L, respectively (fig. 15A). This
percentage increases with the co-occurrence of Cr and Ni,
but relations also are strengthened by the presence of young
water (recharged after 1953) as compared to water that was
recharged before 1953 (fig. 15A). Al concentrations in samples
from wells in the SCR aquifer group varied with cations such
as Cu, Mn, Na, and Zn (table 11). Al in groundwater samples
from the GLA, SCS, and SAN aquifer groups covaried with
elements or compounds common in anoxic conditions, such
as Ni, nitrogen as ammonia, Fe, and Mn. Concentrations of Al
in groundwater samples from the USGD and USGH aquifer
groups, however, correlated directly with low-DO conditions.

Models for Fe occurrence from eight of the nine aquifer
groups indicate that it was controlled primarily by low DO in
the water samples (table 11) and by low pH (five of the nine
groups). Only samples from the CAR aquifer group did not
have DO, pH, or both as variables correlated with Fe. Fe and
Mn, although often thought of as co-occurring, exhibit com-
plex behavior that does not necessarily lead to co-occurrence.
Models for Fe (at concentrations greater than or equal to
300 pg/L) showed co-occurrence with Mn (at concentrations
greater than or equal to 50 pg/L) only in samples collected
from the USGD and SCR aquifer groups, and Fe was inversely
related to Mn in the CRL group. By contrast, Mn varied with
Fe in models for five of the nine aquifer groups (table 11).
Overall, Fe occurrence was controlled by both redox (DO)
and pH, but redox appeared to control Mn occurrence more
than pH. The models for Fe and Mn indicate that high Fe
predicted the presence of high Mn, but the converse was not
as often true. Thus, Mn occurred with Fe, but Fe generally
occurred without reduced Mn. This result is consistent with
the thermodynamic sequence of redox progression, whereby
Mn is reduced first, followed by Fe (Froelich and others, 1979;

McMahon and Chapelle, 2008), and also can be seen in the
graph of Mn occurrence (greater than or equal to 50 pg/L) by
categories of DO, pH, and Fe (fig. 15B).

The percentage of groundwater samples with Fe greater
than or equal to 300 ug/L decreased if DO was greater than
or equal to 1 mg/L, and pH was greater than or equal to 7,
conditions under which Fe is relatively insoluble (fig. 15C).

In addition, samples characterized as young water had less Fe
than samples characterized as old water. Similarly, the percent-
age of samples with Mn decreased from about 90 to less than
30 as pH and DO increased (fig. 15B); however, Mn occur-
rence at concentrations of greater than or equal to 50 pg/L

was consistently high (more than 90 percent of samples) and
appeared independent of pH and DO in samples with 300 pg/L
or more of Fe (fig. 15B). Low pH and low DO, as with Fe,

are strong indicators of high Mn. Fe also inversely covaried
with nitrate, U, or both in the USGD, USGH, GLA, SCS, and
CRL aquifer groups. For water samples in the SAN and CAR
aquifer groups, Fe covaried with As. Mn covaried with As and
U (GLA) and with Ba (CAR), Co (GLA), Ni (USGD), and Zn
(SCS) (table 11).

Ni occurrence covaried with several trace elements, and
most often was related to low pH (USGD, USGH, and SCR,
and CRL aquifer groups) or with factors associated with low
pH, such as the presence of Al, Co, Cu, and Zn (table 11). The
percentage of samples with Ni was consistently high (greater
than 90 percent) when Co was present (fig. 15D).

Oxyanion- and lon-Complex-Forming Elements

Models for oxyanion- and ion-complex-forming elements
also were influenced by pH and redox variables. Unlike the
cationic metals, however, increases in pH generally result in
increased desorption of oxyanion-forming elements from aqui-
fer materials, thus increasing the solubility of those metals. In
particular, As and Mo occurred most often in high-pH condi-
tions (five of nine aquifer groups in table 11).

Arsenic occurrence covaried with silica (USGD, USGH,
GLA, SAN, and SCS aquifer groups), Mo (GLA, SCS, SAN,
SCR, and CAR aquifer groups), and high pH (USGD, USGH,
GLA, BAYV, and CRL aquifer groups) (table 11). The percent-
age of samples with As concentrations greater than or equal to
1 pg/L and with low Mo and silica concentrations was about
12. This percentage increased to 40 to 45 percent if either
Mo or silica were present and increased to about 85 percent
if both Mo and silica were present (fig. 16A). The effect of
pH on these relations is likely related to increased solubility
through desorption, whereby the occurrence of As, associated
with Mo or silica, was greater for high-pH samples than for
low-pH samples. Arsenic co-occurred with U and phosphate
in the USGH and GLA aquifer groups. Thus, competitive
sorption also may play a role in the occurrence of As. Low
DO correlated with As in the GLA, SCS, and CRL aquifer
groups, indicating that in addition to the process of pH-driven
desorption, redox may be an important control in some aquifer
groups and (or) climates.
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Figure 15. The percentages of groundwater samples with concentrations greater than reporting level for (4) aluminum (Al), (B) manganese
(Mn), (C)iron (Fe), and (D) nickel (Ni), by major covariates from logistic regression models. Zero (0) indicates nonoccurrence of a covariate,
and one (1) indicates occurrence except for age, for which zero is old (pre-1953), and one is young (post-1953) water. Number above bar

is number of samples. Reporting level is 1 microgram per liter (pg/L) for aluminum and nickel; 300 pg/L for iron; and 50 pg/L for manganese.
Error bars represent 95-percent confidence interval of the mean (binomial distribution). >, greater than or equal to; Cr, chromium; Co, cobalt.
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(A) arsenic (As), (B) molybdenum (Mo), (C) selenium (Se), and (D) uranium (U), by major covariates from logistic regression models.
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Mo in groundwater co-occurred with several trace ele-
ments, such as As, fluoride, Mn, and U. In groundwater from
the CRL aquifer group, Mo co-occurred with fluoride, U,
and high pH (table 11). These relations may be indicative of
granitic lithologies, which are often enriched in these ele-
ments and can produce high pH in groundwater (Edmunds
and Smedley, 2005). Mo was inversely related to Fe in the
CRL aquifer group (table 11). In general, high pH and in some
cases low DO or increasing well depth, appeared to provide a
strong control for Mo. In samples with less than 0.1 mg/L of
fluoride and less than 1 pg/L of As, the percentage with Mo
greater than or equal to 1 pug/L was less than 10 (fig. 16B).
This percentage increased to 40 to 50 percent if either fluoride
or As was present and increased to more than 80 percent if
both were present (fig. 16B). The effect of pH on these rela-
tions was similar to the effect on As in that the percentage of
samples associated with As or silica was greater for high-pH
samples than for low pH samples.

Se covaried with combinations of U, As, and nitrate (in
the GLA, SAN, SCR, SCS, USGH, and USGD aquifer groups)
(table 11). The percentages of samples with concentrations
of Se greater than or equal to 1 pg/L increased with the
occurrence of either nitrate or U (to about 13 and 20 percent,
respectively) and to nearly 60 percent when both were present
(fig. 16C). In the USGD aquifer group, Se covaried with
bromide, fluoride, and sulfate in addition to U and nitrate. In
four of nine aquifer groups, Se covaried inversely with Fe and
(or) Mn. Se in groundwater from some aquifer groups also
appears to be related to TDS and conductance (table 11).

U was present in about half of all groundwater samples
in which it was measured and covaried with more than one
ion in most aquifer groups. U covaried with Mo in the USGD,
USGH, SCS, SAN, SCR, and CRL aquifer groups (table 11).
Se (in the USGD, GLA, SCR, aquifer groups) and As (in
the USGH and CAR aquifer groups) also covaried with U,
as did complexing ions such as bicarbonate (in the SCS and
SCR aquifer groups) and sulfate (in the SCS aquifer group).
Fluoride in groundwater samples from the GLA and CRL
aquifer groups covaried with U, possibly indicating sources
in granitic rocks. The presence of nitrogen as ammonia
and Fe in samples, however, was always inversely related
to U, possibly indicating sufficiently anoxic conditions to
immobilize U. Mo and Se were the most common covarying
trace elements in samples from this study and were strongly
related to the overall presence of U in the samples. The
percentages of samples with U at concentrations greater than
or equal to 1 pg/L increased with the co-occurrence of Se (to
nearly 60 percent) or Mo (to nearly 50 percent); however, the
percentages of samples with U increased to about 95 if both Se
and Mo were present (fig. 16D).

The occurrence of trace elements such as As, Mo, Se, and
U have been examined in detail in studies of unconsolidated
aquifers (Deverel and Millard, 1988; Dubrovsky and others,
1991; Fujii and Swain, 1995; Welch and Lico, 1998; Seiler
and others, 2003). In general, these studies found that litho-
logic sources, redox chemistry, and evaporative concentration

were significant processes affecting occurrence. In particular,
some Upper Cretaceous marine sedimentary rocks in the west-
ern United States appeared to be enriched in Se, U, and other
elements (Seiler and others, 2003).

Other Elements

Rn covaried with some elements that are generally
mobile under oxic conditions, including U (in the USGH and
CRL aquifer groups), bromide (in the USGD aquifer group),
fluoride (in the GLA aquifer group), and Se (in the SCR
aquifer group). It also co-occurred with Mo in three aquifer
groups. However, in the GLA group, Rn was inversely related
to most covariates. Rn was generally related to factors indica-
tive of recently recharged groundwater or groundwater from
highly transmissive aquifers. These factors include low pH (as
in the GLA and CAR aquifer groups), low water temperature
(shallow water table), low specific conductance (short resi-
dence time), and shallow well depths.

Boron exists predominantly as an uncharged ion in
groundwater (Hem, 1985). In this study, B frequently occurred
in samples from the major aquifer groups, but exceedences of
HHBs were less common (table 11). B covaried with relatively
few other elements, and the covariates differed according to
aquifer group.

Co-occurrence of Trace Elements at
Concentrations Greater than Human-
Health Benchmarks

Logistic regression analysis showed that several trace ele-
ments commonly occur together, and that some combinations
of some trace elements are good predictors of the occurrence
of other trace elements exceeding HHBs. Further analysis of
the co-occurrence of trace elements that exceeded HHBs was
done to identify samples with more than one trace-element
exceedence of HHBs. In this way, it was possible to relate
high concentrations of trace elements in water samples to
potentially controlling factors and to identify which elements
commonly co-occur. For example, in a study of domestic wells
and multiple HHB exceedences, high TDS was shown to be
related to the number of contaminants present in any given
sample (DeSimone, 2009).

Recently, interest has increased in assessing contaminant
mixtures as they relate to human health, partly to infer mecha-
nisms of contamination and processes that control mobility.
Characterizing all possible mixtures in a water sample is a
difficult task; assessing the toxicity of any of these possible
mixtures is even more challenging (Ryker and Small, 2008).
Thus, for this analysis, which focused on trace elements, data
on only selected trace elements were used in characterizing
sample mixtures.
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For this analysis, 2,714 groundwater samples with data
on a specific set of trace elements—Sb, As, Ba, Be, Cd, Cr,
Cu, Pb, Mn, Mo, Ni, Se, Ag, U, and Zn—were used. Radon
was not included in the analysis because it occurs at concen-
trations exceeding the USEPA-proposed MCL of 300 pCi/L in
65 percent of samples (table 4) and would therefore co-occur
with other contaminants in the majority of samples. B, Co,

Sr, and T1 were not included because concentrations were
measurable in too few samples or because of the absence of
regulation by the USEPA. In this subset of data, the rate of
HHB exceedence by at least one or more trace elements was
21.1 percent (572 of the 2,714 samples with at least one HHB
exceedence). Of those, 62 samples (2.3 percent overall) had
two or more trace elements that exceeded HHBs (table 12).

Most of the multiple exceedences of HHBs occurred in
the USG aquifer group. Of the 62 samples with multiple HHB
exceedences, 50 were from the USG. The overall percentage
of multiple HHB exceedences in the USG-aquifer samples was
4.2 percent (50 of 1,187). Of the remaining 12 samples with
multiple HHB exceedences, 6 were from the GLA, and 3 were
from the CRL (table 12).

The multiple HHB exceedences in samples from the
USG aquifer group were dominated by co-occurrences of two
of the following three elements: As, Mn, and U (table 13).
Forty-two percent of the HHB exceedences consisted of the
co-occurrence of As and Mn, 18 percent consisted of U and

Mn, and 8 percent consisted of As and U. Mo was included in
22 percent of the mixtures overall.

Multiple HHB exceedences in groundwater from the
USG (42 of the 50) occurred in four areas: the northern High
Plains, the Nevada Basin and Range, the California Central
Valley, and the Santa Ana Basin. The sampled wells in these
areas were predominantly in urban (17), agricultural (14), and
mixed (11) land-use areas. Water samples from 21 of the same
wells were classified as being mixed with respect to redox
conditions: 13 were anoxic, and 6 were oxic, and 2 were not
classified. Most of the elements that co-occur at concentrations
greater than HHBs are redox sensitive and are more mobile
under anoxic or mixed conditions; these conditions were more
common in drinking-water wells and in shallow monitoring
wells in urban areas than in wells in agricultural settings.

Sr and B were measured along with the broader suite
described above in a subset of 819 samples, primarily in water
samples from the USG aquifer group. Concentrations of B
and Sr at concentrations greater than HHBs in the High Plains
aquifer commonly occur in various combinations with As, Mn,
Mo, and U (table 14). In the USG aquifer-group samples from
the Santa Ana Basin and the Coastal Range Province of
southern California, As, B, Mn, Mo, and U frequently co-
occur. Sr concentrations that exceed HHBs also are found with
high concentrations of As and Mo in the GLA aquifer group
(table 14), primarily in western Ohio and eastern Indiana.

Table 12. Number of groundwater samples collected for the NAWQA Program across the United
States and number of multiple human-health benchmark exceedences by aquifer group, 1992-2003.

[HHB, human-health benchmark; BAV, basaltic and volcanic rock; CAR, carbonate rock; GLA, glacial unconsolidated
sand and gravel; CRL, crystalline rock; SAN, sandstone; SCR, sandstone and carbonate rock; SCS, semiconsolidated

sand; USG, unconsolidated sand and gravel]

Samples with one or more

Total number

Samples with two or more

Aquifer group HHB exceedences HHB exceedences
of samples
Number Percentage Number Percentage

BAV 30 0 0.0 0 0.0
CAR 161 4 2.5 0 0.0
GLA 464 101 21.8 6 1.3
CRL 188 26 13.8 3 1.6
SAN 214 49 229 2 0.9
SCR 173 3 1.7 0 0.0
SCS 297 45 15.2 1 0.3
USG 1,187 344 29.0 50 42

Total 2,714 572 21.1 62 2.3
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Table 13. Co-occurrence of trace elements at concentrations greater than human-health benchmarks in samples collected
for the NAWQA Program across the United States from the unconsolidated sand and gravel aquifer group, 1992-2003.

[Total number of samples was 1,187; USG, unconsolidated sand and gravel; Mn, manganese; As, arsenic; U, uranium; Mo, molybdenum; Cd, cad-
mium; Se, selenium]

Number of trace  Number of samples

elements exceeding with multiple :?:z:l:i:?: Co-occurrence of trace elements in gr(?undwater at c(_)ncentrations
human-health exceedences above a human-health benchmark in the USG aquifer group
benchmarks (N =50) exceadences

4 2 4 Mn As U Mo

3 2 4 Mn As U
1 2 As U Mo
1 2 Mn U Mo

2 21 42 Mn As
9 18 Mn U
4 8 As U
4 8 As Mo
3 6 u Mo
1 2 Mn Cd
1 2 As Se
1 2 U Se

Total exceedences by element 36 35 23 11 2 1

Table 14. Co-occurrence of trace elements with boron and strontium at concentrations greater than human-health
benchmarks in groundwater samples collected for the NAWQA Program across the United States, 1992-2003.

[Total number of samples = 819; USG, unconsolidated sand and gravel; GLA, glacial unconsolidated sand and gravel; As, arsenic; B, boron;
Mo, molybdenum; U, uranium; Mn, manganese; Sr, strontium]

Number of trace Number of samples
elements exceeding Aquifer with multiple Co-occurrence of trace elements at concentrations above a human-
human-health group exceedences health benchmarks in the USG and GLA aquifer groups
benchmarks (N=14)
4 USG 1 As B Mo U
3 USG 1 As Mn Sr
UsSG 1 B Mo 18}
USG 1 Mo Sr U
2 USG 1 Mn Sr
UsSG 1 As B
GLA/USG 5 As Sr
GLA 1 Mo Sr
UsSG 1 B Mn
USG 1 Sr

Total exceedences by element 8 4 3 4 10 4




Summary

Trace-element and Rn concentrations in groundwater
were assessed for samples collected between 1992 and 2003
in principal and other aquifers across the United States as
part of the U.S. Geological Survey National Water-Quality
Assessment Program (NAWQA). Water samples used for this
study were collected primarily from shallow wells installed
near the water table in particular land-use settings and from
deeper public and domestic drinking-water wells. This study,
the first comprehensive national assessment of NAWQA trace
elements in groundwater, compares concentrations of trace
elements at analytical reporting levels to assess occurrence
and to identify geographic areas where trace elements exceed
human-health benchmarks (HHBs) and may pose a human-
health concern. The dataset contains trace element data from
5,183 wells and represents more than 40 principal and other
aquifers. Trace elements measured include aluminum (Al),
antimony (Sb), arsenic (As), barium (Ba), beryllium (Be),
boron (B), cadmium (Cd), chromium (Cr), cobalt (Co), copper
(Cu), iron (Fe), lead (Pb), lithium (Li), manganese (Mn),
molybdenum (Mo), nickel (Ni), selenium (Se), silver (Ag),
strontium (Sr), thallium (T1), uranium (U), vanadium (V), and
zinc (Zn). Radon (Rn) gas also was measured and is included
in the data analysis.

Climate had an important influence on the occurrence and
distribution of trace elements in groundwater. Concentrations
of trace elements were commonly greater in the dry regions
of the United States than in humid regions. In particular, trace
elements that form oxyanions or ion complexes, such as As,
Ba, B, Cr, Mo, Se, Sr, U, and V, were greater in groundwater
in dry regions than in more humid regions. Cu, Ni, and Zn also
were greater in dry regions. By contrast, concentrations of ele-
ments that are mobile in anoxic and (or) low-pH groundwater,
such as Al, Co, Fe, Pb, and Mn, were greater in humid regions.

Samples from drinking-water wells in dry regions had
greater concentrations of As, Ba, Pb, Li, Sr, V, and Zn, than
samples from monitoring wells. In humid regions, however,
concentrations of most trace elements were greater in moni-
toring wells than in drinking-water wells; the exceptions
were Cu, Pb, Zn, and Rn. Cu, Pb, and Zn are common trace
elements in pumps and pipes used in the construction of
drinking-water wells, and contamination from these sources
may have contributed to their concentrations. Al, Sb, Ba, B,
Cr, Co, Fe, Mn, Mo, Ni, Se, Sr, and U concentrations were all
greater in monitoring wells than in drinking-water wells in the
humid regions.

Groundwater from wells in agricultural settings had
greater concentrations of some trace elements, such as As, Mo,
and U, than from wells in urban settings. Concentrations of
DO and pH also were greater in groundwater from agricultural
wells than from urban wells. Significantly greater concentra-
tions of B, Cr, Se, Ag, Sr, and V were found in agricultural
wells in the dry regions. Groundwater from urban wells had
greater concentrations of Co, Fe, Mn, and specific conduc-
tance than groundwater from agricultural wells.

Summary n

Overall, groundwater in 19 percent of all wells (962 of
5,097) exceeded an HHB for at least one trace element, includ-
ing Sb, As, Ba, Be, B, Cd, Cr, Cu, Pb, Mn, Mo, Ni, Se, Ag,
Sr, T1, U, and Zn. HHB or nonhealth-guideline exceedences
were common in samples collected from wells in all aquifer
groups across the United States. Water from wells in urban
settings had greater rates of HHB exceedence than from wells
in agricultural settings or wells in varied land-use areas (major
aquifer studies). As a group, monitoring wells generally had
greater benchmark or guideline-exceedence rates than domes-
tic or public wells.

Mn occurred most often at concentrations greater
than its HHB (12 percent), followed by As (7.0 percent),

Sr (4.3 percent), U (4.0 percent), B (1.9 percent) and Mo

(1.5 percent). Rn occurred at concentrations greater than

the USEPA-proposed MCL of 300 pCi/L in 65 percent of
samples, and 2.7 percent of Rn concentrations were greater
than the USEPA-proposed AMCL of 4,000 pCi/L. In general,
there were more exceedences of HHBs in groundwater in dry
climates than in humid climates.

Trace-element contamination in groundwater far outpaces
the concentrations of most other commonly assessed con-
taminants, such as VOCs, pesticides, and nitrate. One or more
trace elements exceeded HHBs in samples from 13 percent of
public-supply wells and 13 percent of domestic-supply wells;
for pesticides and VOCs, for example, these rates were
2.2 percent or less. Nitrate exceeded its MCL in samples from
3 percent of public-supply wells and 7 percent of domestic-
supply wells.

The geology of aquifers also is a major factor affect-
ing trace-element occurrence in the United States. Eight
major aquifer groups were characterized based on the type of
geologic material and included (1) unconsolidated sand and
gravel; (2) glacial unconsolidated sand and gravel; (3) sand-
stone; (4) crystalline rock; (5) sandstone and carbonate rock;
(6) carbonate rock; (7) semiconsolidated sand; and (8) basaltic
and other volcanic rock. The majority of the water samples
and the largest percentages of HHB exceedences occurred in
groundwater from unconsolidated sand and gravel (USG) and
the glacial unconsolidated sand and gravel (GLA) aquifers.
As, Fe, Mn, and U were the most commonly occurring trace
elements exceeding HHBs or nonhealth guidelines in both of
these aquifer groups.

Field measurements of pH and redox were related to
trace-element occurrence and concentrations. Generally,
anoxic and mixed redox conditions with low pH were more
common in wells in the humid parts of the United States,
whereas oxic, higher pH conditions prevailed in wells in the
dry regions. Redox and pH effects were evident for As, Cr,
Mo, and Se in all samples combined and from individual
aquifer groups. Arsenic occurrence, for example, generally
increased from oxic to anoxic groundwater when pH was less
than 7; however, As occurrence was consistently high when
pH was greater than 7, which may be related to pH-driven
desorption. A similar pattern was seen for Mo and, to a lesser
extent, Cr. In groundwater samples from the GLA aquifers,
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As concentrations increased as samples became increasingly
anoxic and as pH increased. Also, the GLA aquifer group had
the largest percentage of samples in the anoxic and mixed
redox categories; thus redox-sensitive trace elements that are
more mobile in anoxic conditions may occur more frequently.
Arsenic, for example, exceeded 10 pg/L in 23 percent of
samples of anoxic, high-pH groundwater and in 17 percent of
samples of low-pH groundwater.

In general, older waters (mostly pre-1953) had more
occurrences of trace elements, greater pHs, were from deeper
wells, and had lower concentrations of dissolved oxygen
than younger waters (defined as waters containing a fraction
younger than 1953). Most oxyanion-forming trace elements
occurred more frequently in old groundwater. However,
although U occurrence was greater in older water col-
lected from dry-region aquifers, in humid-region aquifers, U
occurred more often in young water. This difference may be
related to old, humid-region groundwater having lower con-
centrations of dissolved oxygen, a condition which can inhibit
U mobility.

Logistic regression models were used to examine the
relations of several trace elements to other chemical and ancil-
lary data within selected major aquifer groups. The models
showed that the pH and redox of groundwater were major
controlling factors for many trace elements. In particular, low
pH was found to be a significant factor in the occurrences of
many cationic metals, such as Al, Fe, Mn, and Ni. In general,
these metals, as well as Cu, Pb, and Zn, adsorb more strongly
to aquifer materials as pH increases. The models for As occur-
rence were dominated by co-occurrence with silica, Mo, and
high pH. About 12 percent of the samples with low silica or
Mo had As concentrations greater than or equal to 1 pg/L. This
proportion increased to about 45 percent if either Mo or silica
was present and further to about 85 percent if both Mo and
silica were present. The effect of increased pH on As concen-
trations is likely to increase solubility through desorption.

Co-occurrence of trace elements also was addressed by
focusing on those that exceeded HHBs in any given sample.
For this analysis, 2,714 samples that had data for Sb, As, Ba,
Be, Cd, Cr, Cu, Pb, Mn, Mo, Ni, Se, Ag, U, and Zn were used.
Because concentrations of Rn exceeded the USEPA-proposed
MCL of 300 pCi/L in nearly 70 percent of samples, it would
co-occur with most trace elements. For all selected samples
from all aquifer groups, 21 percent (572 of 2,714 wells) had
HHB exceedences of one or more trace elements. This was
similar to the 19-percent (962 of 5,097 wells) rate of HHB
exceedence for the complete dataset. Of the 2,714 wells,

62 (2.3 percent) had two or more trace elements that
exceeded HHBs.

Multiple exceedences of HHBs occurred most often
in the USG aquifer group. Of all of the samples with mul-
tiple exceedences, 50 of the 62 were from samples from
the USG. The overall rate of multiple HHB exceedences in
samples from the USG aquifer group was 4.2 percent and
was dominated by combinations of As, Mn, and U. Eighty
percent involved at least As and Mn, Mn and U, or As and U.

Forty-two percent were only As and Mn, 18 percent were U
and Mn, and 8 percent were As and U. Mo was involved in
22 percent of the mixtures overall, and mostly in conjunction
with As and U.

B and Sr were measured in a subset of 819 samples
(fewer samples than most trace elements) and sometimes co-
occurred with other trace elements at concentrations greater
than HHBs. These mixtures were primarily in samples from
the USG aquifer group.
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Appendix 1.

Selected national-scale studies of trace elements in groundwater.

[As, arsenic; Cd, cadmium; F, fluoride; Hg, mercury; Pb, lead; Po, polonium; Ra, radium; U, uranium]

Trace element Geogra!)hlc extent and Hydrogeologic setting Number of Reference
design of study wells
As United States, various Interior plains, Appalachian 20,000 (Welch and others, 2000)
highlands, Intermontane
plateaus, Rocky Moun-
tains, Pacific Mountains
As United States, various Various Many thousands (Focazio and others, 1999)
Various United States and Europe ~ Various Various (Alley, 1993)
As United States Various Summary (Ryker, 2003)
Various United States, domestic Various 2,171 (DeSimone, 2009)
wells
220Ra, *®Ra, 2'°Po, 2''Pb United States, various Various 99 (Focazio and others, 2001)
As, Cd, F, Pb, Hg, U, Rn  United States, random and Various 3,397-15,495  (Focazio and others, 2006)
nonrandom
Ra, Rn, U, gross alpha United States, nonrandom  Public wells Variable (Hess and others, 1985)
Ra, Rn United States Public wells Summary (Michel, 1990)
Rn United States Indoor air radon data Variable (Gundersen and others, 1992)
U United States, nonrandom  Public wells 59,812 (Cothern and Lappenbusch, 1982)
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Appendix 2. Wells sampled by the NAWQA Program, 1992-2003, by study type, land use, major aquifer group, and aquifer name.

[Aquifer number shown on figure 3. Number of wells = 5,147 of 5,183 (36 are missing well-depth data); usg, unconsolidated sand and gravel; gla, glacial
unconsolidated sand and gravel; scs, semiconsolidated sand; san, sandstone; scr, sandstone and carbonate rock; car, carbonate rock; bav, basaltic and volca-

nic rock; igm, igneous and metamorphic rock]

Appendix 2

Aquifer Lithology Aquifer name Study network  Number of  Median well

number code wells depth
1 usg Basin and Range basin-fill aquifers cazbluscrl 9 43
1 usg Basin and Range basin-fill aquifers cazbsusla 34 465
1 usg Basin and Range basin-fill aquifers cazbsus2 29 330
1 usg Basin and Range basin-fill aquifers cazbsus3 19 264
1 usg Basin and Range basin-fill aquifers grsllusrcl 30 69
1 usg Basin and Range basin-fill aquifers grslsusla 26 239
1 usg Basin and Range basin-fill aquifers grslsuslb 29 240
1 usg Basin and Range basin-fill aquifers nvbrlusagl 20 19.5
1 usg Basin and Range basin-fill aquifers nvbrlusag? 10 18
1 usg Basin and Range basin-fill aquifers nvbrlusurl 28 30
1 usg Basin and Range basin-fill aquifers nvbrlusur2 27 29
1 usg Basin and Range basin-fill aquifers nvbrsusl 22 775
1 usg Basin and Range basin-fill aquifers nvbrsus2 18 394.5
1 usg Basin and Range basin-fill aquifers nvbrsus3 17 155
2 usg California Coastal Basin aquifers sanalusrcl 25 24
2 usg California Coastal Basin aquifers sanasusl 29 585
2 usg California Coastal Basin aquifers sanasus2 20 966
2 usg California Coastal Basin aquifers sanasus3 22 699.5
3 usg Central Valley aquifer system sacrluscrl 28 35
3 usg Central Valley aquifer system sacrlusrcl 19 63
3 usg Central Valley aquifer system sacrsus1 31 150
3 usg Central Valley aquifer system sanjluscrl 18 145
3 usg Central Valley aquifer system sanjlusorl 20 170
3 usg Central Valley aquifer system sanjlusor2 20 147.5
3 usg Central Valley aquifer system sanjsus1 30 182
4 usg Columbia Plateau basin-fill aquifers ceptlusagl 8 31
4 usg Columbia Plateau basin-fill aquifers ceptlusag? 32 69.5
4 usg Columbia Plateau basin-fill aquifers ceptlusorl 31 48
4 usg Columbia Plateau basin-fill aquifers ceptsuslb 13 90
5 usg High Plains aquifer cnbrsus2 27 47
5 usg High Plains aquifer hpgwlusagl 30 160
5 usg High Plains aquifer hpgwlusag?2 29 170
5 usg High Plains aquifer hpgwlusurl 30 27.5
5 usg High Plains aquifer hpgwsusla 74 262.5
5 usg High Plains aquifer hpgwsus1lb 48 201
5 usg High Plains aquifer hpgwsuslc 104 207.5
5 usg High Plains aquifer hpgwsus2 20 73.5
5 usg High Plains aquifer hpgwsus4 27 190
6 usg Mississippi River Valley alluvial aquifer misesus] 29 110
6 usg Mississippi River Valley alluvial aquifer misesus3 24 102.5
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Appendix 2. Wells sampled by the NAWQA Program, 1992-2003, by study type, land use, major aquifer group, and aquifer name.
—~Continued

[Aquifer number shown on figure 3. Number of wells = 5,147 of 5,183 (36 are missing well-depth data); usg, unconsolidated sand and gravel; gla, glacial
unconsolidated sand and gravel; scs, semiconsolidated sand; san, sandstone; scr, sandstone and carbonate rock; car, carbonate rock; bav, basaltic and volca-
nic rock; igm, igneous and metamorphic rock]

Aquifer Lithology Aquifer name Study network  Number of  Median well
number code wells depth
7 usg Northern Rocky Mountains Intermontane Basins aquifer nroksus1 31 137
7 usg Northern Rocky Mountains Intermontane Basins aquifer nroksus2 30 60
8 usg Rio Grande aquifer system rioglusagl 30 20
8 usg Rio Grande aquifer system riogluscrl 35 20
8 usg Rio Grande aquifer system rioglusurl 24 27
8 usg Rio Grande aquifer system riogsus1 30 169
9 usg Snake River Plain basin-fill aquifers usnkluscrl 27 34
9 usg Snake River Plain basin-fill aquifers usnkluscr3 1 180
9 usg Snake River Plain basin-fill aquifers usnksus1 9 67
9 usg Snake River Plain basin-fill aquifers usnksus2 23 150
9 usg Snake River Plain basin-fill aquifers usnksus3 10 119
10 usg Surficial aquifer system actblusagl 16 41.5
10 usg Surficial aquifer system actblusfol 4 57.5
10 usg Surficial aquifer system gaflluscrl 23 27
10 usg Surficial aquifer system gafllusur3 16 23.5
10 usg Surficial aquifer system gaflsusl 32 27.5
10 usg Surficial aquifer system miselusrcl 24 48.5
10 usg Surficial aquifer system santluscrl 30 18
10 usg Surficial aquifer system sofllusfol 5 10
10 usg Surficial aquifer system sofllusorl 31 13
11 usg Willamette Lowland basin-fill aquifers willsus1 70 60
12 gla Glacial aquifer system almnsus2 30 73
12 gla Glacial aquifer system connlusagl 40 21
12 gla Glacial aquifer system connlusfol 40 17
12 gla Glacial aquifer system connlusurl 40 22
12 gla Glacial aquifer system delrsus3 16 114
12 gla Glacial aquifer system eiwaluscrl 31 18
12 gla Glacial aquifer system eiwalusrcl 30 23
12 gla Glacial aquifer system eiwasus2 32 52
12 gla Glacial aquifer system hdsnlusagl 14 19.5
12 gla Glacial aquifer system hdsnlusurl 27 29
12 gla Glacial aquifer system hdsnsus1 2 108
12 gla Glacial aquifer system leriluscrl 30 18
12 gla Glacial aquifer system lerilusrcl 30 25.5
12 gla Glacial aquifer system lerisus1 27 90
12 gla Glacial aquifer system linjsus1 1 152
12 gla Glacial aquifer system lirbluserl 28 27.5
12 gla Glacial aquifer system lirbluscr2 29 20
12 gla Glacial aquifer system lirbsus1 30 245
12 gla Glacial aquifer system lirbsus2 30 50

12 gla Glacial aquifer system miamluscrl 26 25.5
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Appendix 2. Wells sampled by the NAWQA Program, 1992-2003, by study type, land use, major aquifer group, and aquifer name.
—~Continued

[Aquifer number shown on figure 3. Number of wells = 5,147 of 5,183 (36 are missing well-depth data); usg, unconsolidated sand and gravel; gla, glacial
unconsolidated sand and gravel; scs, semiconsolidated sand; san, sandstone; scr, sandstone and carbonate rock; car, carbonate rock; bav, basaltic and volca-
nic rock; igm, igneous and metamorphic rock]

Aquifer Lithology Aquifer name Study network  Number of  Median well

number code wells depth
12 gla Glacial aquifer system miamlusrcl 25 39
12 gla Glacial aquifer system miamsus] 30 60
12 gla Glacial aquifer system necblusrcl 29 23
12 gla Glacial aquifer system necbsus3 30 56
12 gla Glacial aquifer system pugtluscrl 22 28.5
12 gla Glacial aquifer system pugtlusrsl 27 47
12 gla Glacial aquifer system pugtsus1 30 66.5
12 gla Glacial aquifer system rednlusagl 26 25.5
12 gla Glacial aquifer system rednlusag2 20 15
12 gla Glacial aquifer system rednsusl 27 40
12 gla Glacial aquifer system rednsus2 25 58
12 gla Glacial aquifer system rednsus3 15 37
12 gla Glacial aquifer system uirbluscrl 29 14
12 gla Glacial aquifer system uirblusrcl 26 29
12 gla Glacial aquifer system uirbsus1 27 72
12 gla Glacial aquifer system uirbsus2 23 45
12 gla Glacial aquifer system umisluscrl 29 25
12 gla Glacial aquifer system umislusfol 15 19
12 gla Glacial aquifer system umislusrcl 30 19
12 gla Glacial aquifer system whitluscrl 23 28
12 gla Glacial aquifer system whitluscr2 20 22.5
12 gla Glacial aquifer system whitluscr3 24 20.5
12 gla Glacial aquifer system whitlusurl 25 29
12 gla Glacial aquifer system wmiclusagl 26 30
12 gla Glacial aquifer system wmiclusag2 30 42
13 gla Unconsolidated-deposit aquifers (Alaska) cooksusla 29 90
14 scs Coastal Lowlands aquifer system acadluscrl 27 26
14 scs Coastal Lowlands aquifer system acadlusrcl 28 58.5
14 scs Coastal Lowlands aquifer system acadsusl 30 140
14 scs Coastal Lowlands aquifer system acadsus2 30 115
14 scs Coastal Lowlands aquifer system trinsus3 23 138
15 scs Mississippi Embayment aquifer system miselusrc2 8 98
15 scs Mississippi Embayment aquifer system misesus2 30 675
16 scs North Atlantic Coastal Plain aquifer system albelusagl 17 12
16 scs North Atlantic Coastal Plain aquifer system albelusurl 14 62.5
16 scs North Atlantic Coastal Plain aquifer system albesus1 11 20
16 scs North Atlantic Coastal Plain aquifer system albesus2 16 21.5
16 scs North Atlantic Coastal Plain aquifer system dlmvluscrl 28 21.5
16 scs North Atlantic Coastal Plain aquifer system dlmvsus1 27 45
16 scs North Atlantic Coastal Plain aquifer system linjluscrl 15 31
16 scs North Atlantic Coastal Plain aquifer system linjlusfol 13 19
16 scs North Atlantic Coastal Plain aquifer system linjlusrcl 30 24
16 scs North Atlantic Coastal Plain aquifer system linjlusurl 20 24

16 scs North Atlantic Coastal Plain aquifer system linjsus2 30 100
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Appendix 2. Wells sampled by the NAWQA Program, 1992-2003, by study type, land use, major aquifer group, and aquifer name.
—~Continued

[Aquifer number shown on figure 3. Number of wells = 5,147 of 5,183 (36 are missing well-depth data); usg, unconsolidated sand and gravel; gla, glacial
unconsolidated sand and gravel; scs, semiconsolidated sand; san, sandstone; scr, sandstone and carbonate rock; car, carbonate rock; bav, basaltic and volca-
nic rock; igm, igneous and metamorphic rock]

Aquifer Litholo Aquifer name Study network  Number of  Median well

number 9y 9 code wells depth
17 scs Southeastern Coastal Plain aquifer system moblluscrl 29 35
17 scs Southeastern Coastal Plain aquifer system mobllusrcl 30 41.5
17 scs Southeastern Coastal Plain aquifer system moblsus1 31 165
17 scs Southeastern Coastal Plain aquifer system santlusrcl 30 19.5
17 scs Southeastern Coastal Plain aquifer system santsus1 30 245
18 scs Texas coastal uplands aquifer system trinsus2 23 160
19 san Cambrian-Ordovician aquifer system umissus3 25 180
19 san Cambrian-Ordovician aquifer system umissus4 25 200
19 san Cambrian-Ordovician aquifer system wmicsus| 29 170
20 san Early Mesozoic basin aquifers delrsus1 30 160
20 san Early Mesozoic basin aquifers linjsus3 17 200
20 san Early Mesozoic basin aquifers potosus2 20 148.5
21 san Lower Tertiary aquifers yellsus2 29 160
22 san Pennsylvanian aquifers almnlusmil 30 83.5
22 san Pennsylvanian aquifers almnsus1 30 105
22 san Pennsylvanian aquifers kanalusmil 28 76.5
22 san Pennsylvanian aquifers kanasus1 20 77.5
22 san Pennsylvanian aquifers whitluscr2 2 23
23 san Valley and Ridge aquifers (sandstone) delrsus2 30 192.5
23 san Valley and Ridge aquifers (sandstone) Isussus1 29 155
23 san Valley and Ridge aquifers (sandstone) potolusag2 23 122
23 san Valley and Ridge aquifers (sandstone) potolusfol 3 160
23 san Valley and Ridge aquifers (sandstone) utenluscrl 11 18
24 scr Edwards-Trinity aquifer system sctxlusrcl 30 261
24 scr Edwards-Trinity aquifer system sctxsus1 19 335
24 scr Edwards-Trinity aquifer system sctxsus2 25 420
24 scr Edwards-Trinity aquifer system sctxsus3 30 1,268
24 scr Edwards-Trinity aquifer system trinsus1 24 155
25 scr Mississippian aquifers kanasus1 10 191
25 scr Mississippian aquifers lerisus1 1 120
25 scr Mississippian aquifers Itenlusagl 32 37.5
25 scr Mississippian aquifers Itensus1 32 87
25 scr Mississippian aquifers Itensus2 4 99
26 car Biscayne aquifer sofllusrcl 30 15

26 car Biscayne aquifer sofisus1 30 99
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Appendix 2. Wells sampled by the NAWQA Program, 1992-2003, by study type, land use, major aquifer group, and aquifer name.

—~Continued

[Aquifer number shown on figure 3. Number of wells = 5,147 of 5,183 (36 are missing well-depth data); usg, unconsolidated sand and gravel; gla, glacial
unconsolidated sand and gravel; scs, semiconsolidated sand; san, sandstone; scr, sandstone and carbonate rock; car, carbonate rock; bav, basaltic and volca-
nic rock; igm, igneous and metamorphic rock]

Aquifer Litholo Aquifer name Study network  Number of  Median well

number 9y 9 code wells depth
27 car Floridan aquifer system actblusagl 3 44
27 car Floridan aquifer system actbsusl 26 150
27 car Floridan aquifer system gaflsusl 4 69
27 car Floridan aquifer system santsus2 30 175
28 car Ordovician aquifers Itensus2 27 140
29 car Ozark Plateaus aquifer system ozrklusagl 20 167.5
29 car Ozark Plateaus aquifer system ozrklusag?2 20 180
29 car Ozark Plateaus aquifer system ozrksusl 20 1,308.5
29 car Ozark Plateaus aquifer system ozrksus2a 30 196
29 car Ozark Plateaus aquifer system ozrksus3a 13 140
30 car Piedmont and Blue Ridge carbonate-rock aquifers Isuslusagl 30 160
31 car Silurian-Devonian aquifers eiwasusl 33 225
32 car Valley and Ridge aquifers (carbonate) kanasus2 1 325
32 car Valley and Ridge aquifers (carbonate) Isuslusag2 30 172.5
32 car Valley and Ridge aquifers (carbonate) Isuslusag3 30 159
32 car Valley and Ridge aquifers (carbonate) Isuslusurl 20 108
32 car Valley and Ridge aquifers (carbonate) potolusagl 29 144
32 car Valley and Ridge aquifers (carbonate) potolusag2 1 280
32 car Valley and Ridge aquifers (carbonate) utenluscrl 19 16
32 car Valley and Ridge aquifers (carbonate) utensus1 30 227.5
33 bav Columbia Plateau basaltic-rock aquifers ceptlusagl 18 101.5
33 bav Columbia Plateau basaltic-rock aquifers ceptlusag? 17 157
33 bav Columbia Plateau basaltic-rock aquifers ceptlusorl 9 170
33 bav Columbia Plateau basaltic-rock aquifers ceptsuslb 30 339
34 bav Hawaiian volcanic-rock aquifers oahusus1 30 512
35 bav Snake River Plain basaltic-rock aquifers usnkluscr2 29 225
35 bav Snake River Plain basaltic-rock aquifers usnkluscr3 28 202.5
35 bav Snake River Plain basaltic-rock aquifers usnkluscr4 15 360
35 bav Snake River Plain basaltic-rock aquifers usnksus1 34 315
35 bav Snake River Plain basaltic-rock aquifers usnksus2 13 232
36 bav Early Mesozoic basin aquifers (basalt and volcanic) linjsus3 4 167.5
36 bav Early Mesozoic basin aquifers (basalt and volcanic) potosus2 3 160
37 igm New England crystalline-rock aquifers (unofficial name) connsus| 30 235
37 igm New England crystalline-rock aquifers (unofficial name) linjsus1 29 202
37 igm New England crystalline-rock aquifers (unofficial name) necbsus1 28 187.5
37 igm New England crystalline-rock aquifers (unofficial name) necbsus2 30 303
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Appendix 2. Wells sampled by the NAWQA Program, 1992-2003, by study type, land use, major aquifer group, and aquifer name.

—~Continued

[Aquifer number shown on figure 3. Number of wells = 5,147 of 5,183 (36 are missing well-depth data); usg, unconsolidated sand and gravel; gla, glacial
unconsolidated sand and gravel; scs, semiconsolidated sand; san, sandstone; scr, sandstone and carbonate rock; car, carbonate rock; bav, basaltic and volca-
nic rock; igm, igneous and metamorphic rock]

Aquifer Lithology Aquifer name Study network  Number of  Median well
number code wells depth
38 igm Piedmont and Blue Ridge crystalline-rock aquifers actblusurl 21 31
38 igm Piedmont and Blue Ridge crystalline-rock aquifers kanasus2 29 205
38 igm Piedmont and Blue Ridge crystalline-rock aquifers Isussus2 30 146.5

38 igm Piedmont and Blue Ridge crystalline-rock aquifers potosusl 25 142
38 igm Piedmont and Blue Ridge crystalline-rock aquifers santsus3 30 200
99 igm Rocky Mountain Front Range (unofficial name) spltsus1 27 225
99 san Woodbine aquifer (not a principal aquifer) trinlusurl 20 25.5
99 usg Stream-valley aquifers—Bighorn, Wind, Powder River basins yelllusot1 29 15
(unofficial name)
99 usg Stream-valley aquifers—Bighorn, Wind, Powder River basins yellsus1 25 19
(unofficial name)
99 usg Stream-valley aquifers—South Platte River (unofficial name) spltluscrl 30 23
99 usg Stream-valley aquifers—South Platte River (unofficial name) spltlusrcl 30 27.5
99 usg Stream-valley aquifers—Valley and Ridge (unofficial name) potolusag2 1 71
99 usg Stream-valley aquifers—Upper Colorado River (unofficial name) ucollusrcl 25 24
99 usg Stream-valley aquifers—Upper Colorado River (unofficial name) ucolsusl 29 60
99 usg Stream-valley aquifers—Upper Colorado River (unofficial name) ucolsus2 13 49
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Appendix 4 95

Appendix 4. Summary of the percent exceedences of human-health benchmarks and nonhealth guidelines for trace elements in
groundwater across the United States sampled by the NAWQA Program, 1992-2003, by pH, redox state, and major aquifer group.

[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom
of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;
benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH
Element mark or Oxic Mixed Anoxic Oxic Mixed Anoxic
guideline % N % N % N % N % N %
Unconsolidated sand and gravel aquifers (USG)
Aluminum 200 116 0.86 45 6.7 57 11 710 0.28 125 0.0 143 0.0
Antimony 6 133 0.0 43 0.0 55 0.0 787 0.0 123 0.0 145 0.0
Arsenic 10 168 3.6 54 7.4 63 9.5 837 11 147 17 170 19
Barium 2,000 141 0.0 51 0.0 57 0.0 802 0.0 138 0.0 152 0.66
Beryllium 4 133 0.0 43 0.0 55 0.0 787 0.0 123 0.0 145 0.0
Boron 1,000 59 3.4 17 18 12 8.3 352 1.1 63 7.9 42 7.1
Cadmium 5 133 0.75 43 0.0 55 0.0 787 0.25 123 0.81 146 0.68
Chromium 100 137 0.0 49 2.0 55 0.0 777 0.0 133 0.0 150 0.0
Copper 1,300 134 0.0 51 0.0 57 0.0 777 0.0 137 0.73 149 0.0
Iron 300 225 0.0 77 39 70 86 988 0.0 155 14 172 53
Lead 15 133 0.0 44 0.0 56 0.0 789 0.0 124 0.0 145 0.0
Manganese 300 199 0.0 73 32 67 42 968 0.0 149 36 162 54
Molybdenum 40 140 1.4 50 4.0 56 0.0 799 1.3 138 8.0 151 2.0
Nickel 100 141 0.0 50 0.0 56 0.0 798 0.0 138 0.0 151 0.0
Radon 300 186 82 49 84 46 57 883 81 112 73 141 54
Selenium 50 140 0.0 49 0.0 57 0.0 800 0.38 137 0.73 152 0.0
Silver 100 129 0.0 39 0.0 53 0.0 780 0.0 122 0.0 142 0.0
Strontium 4,000 54 5.6 19 16 25 4.0 309 3.9 40 13 28 0.0
Thallium 2 41 0.0 7 0.0 5 0.0 252 0.0 34 0.0 25 0.0
Uranium 30 160 6.9 53 15 58 0.0 806 7.1 138 23 155 7.1
Zinc 2,000 124 0.81 47 0.0 57 0.0 762 0.0 133 0.0 148 0.0
Number of elements with 6 10 7 6 8 7

> 1% exceedence
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Appendix 4. Summary of the percent exceedences of human-health benchmarks and nonhealth guidelines for trace elements in
groundwater across the United States sampled by the NAWQA Program, 1992-2003, by pH, redox state, and major aquifer group.

—Continued

[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom

of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;

benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH
Element mark or Oxic Mixed Anoxic Oxic Mixed Anoxic
guideline % N % N % N % N % N %
Glacial unconsolidated sand and gravel aquifers (GLA)

Aluminum 200 99 0.0 78 5.1 42 2.4 85 0.0 73 0.0 94 0.0
Antimony 6 104 0.0 80 0.0 41 0.0 89 0.0 75 0.0 94 0.0
Arsenic 10 104 0.0 82 3.7 42 17 92 1.1 76 1.3 101 23
Barium 2,000 104 0.0 82 0.0 41 0.0 94 0.0 77 0.0 99 0.0
Beryllium 4 104 0.0 81 0.0 41 0.0 93 0.0 77 0.0 99 0.0
Boron 1,000 75 0.0 46 0.0 25 0.0 45 0.0 37 2.7 35 2.9
Cadmium 5 104 0.0 81 0.0 41 0.0 93 0.0 77 0.0 99 0.0
Chromium 100 100 0.0 81 0.0 40 0.0 88 0.0 75 0.0 92 0.0
Copper 1,300 104 0.0 80 0.0 42 0.0 91 0.0 75 0.0 94 0.0
Iron 300 220 0.0 167 29 90 77 264 0.0 188 29 220 75
Lead 15 104 0.0 80 0.0 41 0.0 89 0.0 75 0.0 94 0.0
Manganese 300 206 0.0 168 37 88 44 238 0.0 189 32 220 26
Molybdenum 40 104 0.0 80 0.0 41 0.0 90 33 75 5.3 94 1.1
Nickel 100 104 0.0 81 0.0 42 0.0 90 0.0 75 0.0 94 0.0
Radon 300 159 81 102 62 65 40 154 68 84 36 173 24
Selenium 50 103 0.0 81 0.0 42 0.0 95 1.1 76 0.0 99 0.0
Silver 100 103 0.0 81 0.0 39 0.0 92 0.0 77 0.0 99 0.0
Strontium 4,000 73 0.0 46 2.2 22 0.0 46 2.2 33 0.0 30 33
Thallium 2 58 0.0 42 0.0 10 0.0 36 0.0 26 0.0 22 0.0
Uranium 30 108 0.0 85 0.0 55 0.0 129 1.6 100 1.0 141 0.0
Zinc 2,000 98 0.0 78 0.0 42 0.0 89 0.0 74 0.0 99 0.0
Number of elements with 1 6 5 6 7 7

> 1% exceedence
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[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom
of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;
benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH
Element mark or Oxic Mixed Anoxic Mixed Anoxic
guideline % N % N % N % N % N %
Semiconsolidated sand aquifers (SCS)

Aluminum 200 100 1.0 68 10 44 2.3 7 0.0 14 0.0 18 0.0
Antimony 6 104 0.0 70 0.0 46 0.0 18 0.0 14 0.0 25 0.0
Arsenic 10 125 0.0 74 1.4 50 4.0 18 0.0 16 0.0 27 0.0
Barium 2,000 104 1.0 70 0.0 46 0.0 18 0.0 16 0.0 26 0.0
Beryllium 4 104 0.0 70 1.4 46 0.0 18 0.0 14 0.0 25 0.0
Boron 1,000 67 0.0 41 0.0 25 0.0 2 0.0 9 0.0 7 0.0
Cadmium 5 104 0.0 70 0.0 46 0.0 18 0.0 14 0.0 25 0.0
Chromium 100 103 0.0 69 0.0 46 0.0 18 0.0 16 0.0 26 0.0
Copper 1,300 104 0.0 70 0.0 46 0.0 18 0.0 15 0.0 25 0.0
Iron 300 195 0.0 142 37 73 79 28 0.0 19 63 37 62
Lead 15 104 2.9 70 1.4 46 0.0 18 0.0 15 0.0 25 0.0
Manganese 300 189 0.0 142 13 73 25 28 0.0 19 26 37 11
Molybdenum 40 104 0.0 70 0.0 46 0.0 18 0.0 14 0.0 25 0.0
Nickel 100 104 0.0 70 1.4 46 0.0 18 0.0 15 0.0 26 0.0
Radon 300 80 36 38 47 37 32 15 6.7 10 40 15 27
Selenium 50 104 0.0 70 0.0 46 0.0 18 0.0 16 0.0 26 0.0
Silver 100 104 0.0 70 0.0 46 0.0 18 0.0 14 0.0 25 0.0
Strontium 4,000 53 0.0 33 0.0 22 0.0 2 0.0 0.0 0.0
Thallium 2 53 0.0 33 0.0 22 0.0 2 0.0 0.0 0.0
Uranium 30 104 0.0 70 0.0 46 0.0 18 0.0 15 0.0 25 0.0
Zinc 2,000 98 0.0 67 0.0 45 0.0 9 0.0 16 0.0 20 0.0
Number of elements with 4 8 5 1 3 3

> 1% exceedence
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Appendix 4. Summary of the percent exceedences of human-health benchmarks and nonhealth guidelines for trace elements in
groundwater across the United States sampled by the NAWQA Program, 1992-2003, by pH, redox state, and major aquifer group.
——Continued

[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom
of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;
benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH
Element mark or Oxic Mixed Anoxic Oxic Mixed Anoxic
guideline % N % N % N % N % N %
Sandstone aquifers (SAN)

Aluminum 200 20 0.0 27 11 31 0.0 78 0.0 14 0.0 50 0.0
Antimony 6 33 0.0 30 0.0 33 0.0 84 1.2 16 0.0 49 0.0
Arsenic 10 35 0.0 31 0.0 34 0.0 99 4.0 16 0.0 51 0.0
Barium 2,000 35 0.0 31 0.0 34 0.0 100 0.0 16 0.0 51 2.0
Beryllium 4 33 0.0 30 33 33 0.0 84 0.0 16 0.0 49 0.0
Boron 1,000 19 0.0 -- -- -- -- 46 0.0 4 0.0 13 0.0
Cadmium 5 35 0.0 30 33 33 0.0 99 1.0 16 0.0 49 0.0
Chromium 100 33 0.0 30 0.0 33 0.0 99 0.0 16 0.0 51 0.0
Copper 1,300 35 0.0 31 0.0 34 0.0 100 0.0 16 0.0 49 0.0
Iron 300 40 0.0 40 60 50 90 143 0.0 26 42 72 50
Lead 15 35 0.0 31 0.0 34 2.9 99 0.0 16 0.0 49 0.0
Manganese 300 39 0.0 37 54 49 53 135 0.0 27 15 74 11
Molybdenum 40 33 0.0 30 0.0 33 0.0 85 1.2 16 0.0 49 2.0
Nickel 100 33 0.0 31 3.2 34 2.9 84 0.0 16 0.0 49 0.0
Radon 300 35 86 34 44 46 24 131 86 26 62 71 55
Selenium 50 35 0.0 31 0.0 34 0.0 100 1.0 16 0.0 51 0.0
Silver 100 35 0.0 29 0.0 32 0.0 97 0.0 15 0.0 45 0.0
Strontium 4,000 14 0.0 -- -- -- -- 28 0.0 4 25 10 0.0
Thallium 2 14 0.0 -- -- -- -- 27 0.0 4 0.0 10 0.0
Uranium 30 36 0.0 34 2.9 43 0.0 117 0.0 24 0.0 62 0.0
Zinc 2,000 22 0.0 27 0.0 32 0.0 79 0.0 15 0.0 50 0.0
Number of elements with 1 8 5 6 4 5

> 1% exceedence
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Appendix 4. Summary of the percent exceedences of human-health benchmarks and nonhealth guidelines for trace elements in
groundwater across the United States sampled by the NAWQA Program, 1992-2003, by pH, redox state, and major aquifer group.

—Continued

[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom
of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;
benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH

Element mark or Oxic Mixed Anoxic Oxic Mixed Anoxic

guideline % N % N % N % N % N %
Sandstone and carbonate-rock aquifers (SCR)

Aluminum 200 80 1.3 8 0.0 5 0.0 64 0.0 2 0.0 6 0.0
Antimony 6 80 0.0 8 0.0 4 0.0 73 0.0 3 0.0 7 0.0
Arsenic 10 81 0.0 8 0.0 6 0.0 73 2.7 3 0.0 7 0.0
Barium 2,000 81 0.0 8 0.0 6 0.0 73 0.0 3 0.0 7 0.0
Beryllium 4 80 0.0 8 0.0 4 0.0 73 0.0 3 0.0 7 0.0
Boron 1,000 - - - - - - -- - - - -- -
Cadmium 5 80 0.0 8 0.0 4 0.0 73 0.0 3 0.0 7 0.0
Chromium 100 80 0.0 8 0.0 6 0.0 73 0.0 3 0.0 7 0.0
Copper 1,300 81 0.0 8 0.0 6 0.0 73 0.0 3 0.0 7 0.0

Iron 300 91 0.0 20 30 7 57 76 0.0 7 0.0 8 75
Lead 15 80 0.0 8 0.0 5 0.0 73 0.0 3 0.0 7 0.0
Manganese 300 89 0.0 20 25 7 0.0 75 0.0 7 29 8 0.0
Molybdenum 40 81 0.0 8 0.0 5 0.0 73 1.4 3 0.0 7 0.0
Nickel 100 81 0.0 8 0.0 6 0.0 73 0.0 3 0.0 7 0.0

Radon 300 53 57 7 57 6 33 62 34 2 0.0 5 60
Selenium 50 81 0.0 8 0.0 6 0.0 73 0.0 3 0.0 7 0.0
Silver 100 80 0.0 8 0.0 4 0.0 72 0.0 2 0.0 7 0.0

Strontium 4,000 46 8.7 1 0.0 4 100 40 30 1 0.0 5 80
Thallium 2 -- -- -- -- -- -- -- -- -- -- - --
Uranium 30 80 0.0 0.0 5 0.0 73 0.0 3 0.0 7 0.0
Zinc 2,000 80 0.0 0.0 6 0.0 69 0.0 3 0.0 0.0

Number of elements with 3 3 3 4 1 3

> 1% exceedence
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Appendix 4. Summary of the percent exceedences of human-health benchmarks and nonhealth guidelines for trace elements in
groundwater across the United States sampled by the NAWQA Program, 1992-2003, by pH, redox state, and major aquifer group.
—~Continued

[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom
of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;
benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH
Element mark or Oxic Mixed Anoxic Oxic Mixed Anoxic
guideline % N % N % N % N % N %
Carbonate-rock aquifers (CAR)

Aluminum 200 21 0.0 12 0.0 37 0.0 103 0.0 1 0.0 18 0.0
Antimony 6 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Arsenic 10 28 0.0 14 7.1 37 5.4 127 0.0 1 0.0 19 0.0
Barium 2,000 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Beryllium 4 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Boron 1,000 - - - -- -- - -- - - - -- -
Cadmium 5 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Chromium 100 21 0.0 11 0.0 37 0.0 99 0.0 1 0.0 18 0.0
Copper 1,300 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Iron 300 58 0.0 22 41 49 90 286 0.0 9 22 49 73
Lead 15 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Manganese 300 52 0.0 22 14 49 6.1 276 0.0 9 0.0 48 6.3
Molybdenum 40 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Nickel 100 21 0.0 11 0.0 37 0.0 98 0.0 1 0.0 18 0.0
Radon 300 49 69 19 79 49 73 254 58 8 88 46 43
Selenium 50 20 0.0 11 0.0 37 0.0 93 0.0 1 0.0 18 0.0
Silver 100 20 0.0 11 0.0 30 0.0 90 0.0 1 0.0 14 0.0
Strontium 4,000 8 0.0 7 0.0 33 0.0 77 1.3 5 0.0 9 0.0
Thallium 2 -- -- -- -- -- -- -- -- -- -- - --
Uranium 30 23 0.0 11 0.0 38 0.0 213 0.47 6 0.0 23 0.0
Zinc 2,000 21 0.0 11 0.0 37 0.0 99 0.0 1 0.0 18 0.0
Number of elements with 1 4 4 2 2 3

> 1% exceedence
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[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom
of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;
benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH
Element mark or Oxic Mixed Anoxic Oxic Mixed Anoxic
guideline % N % N % N % N % N %
Basaltic- and other volcanic-rock aquifers (BAV)

Aluminum 200 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Antimony 6 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Arsenic 10 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Barium 2,000 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Beryllium 4 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Boron 1,000 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Cadmium 5 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Chromium 100 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Copper 1,300 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Iron 300 20 0.0 1 100 1 100 148 0.0 9 33 4 50
Lead 15 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Manganese 300 19 0.0 1 0.0 1 100 146 0.0 9 33 4 0.0
Molybdenum 40 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Nickel 100 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Radon 300 19 11 1 0.0 -- -- 127 43 9 89 3 33
Selenium 50 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Silver 100 17 0.0 -- -- 1 0.0 16 0.0 -- -- -- --
Strontium 4,000 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Thallium 2 16 0.0 -- -- -- -- 14 0.0 -- -- -- --
Uranium 30 17 0.0 1 0.0 -- -- 15 0.0 -- -- -- --
Zinc 2,000 16 0.0 -- -- -- -- 15 0.0 -- -- -- --
Number of elements with 1 1 2 1 3 2

> 1% exceedence
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Appendix 4. Summary of the percent exceedences of human-health benchmarks and nonhealth guidelines for trace elements in
groundwater across the United States sampled by the NAWQA Program, 1992-2003, by pH, redox state, and major aquifer group.
—~Continued

[Elements for which at least 1 percent of samples exceeded guidelines are shown with blue shading; the total number of these elements is shown at the bottom
of the table; low pH is less than 7, whereas high pH is greater than or equal to 7; N, number of samples; %, percentage; --, no data; >, greater than or equal to;
benchmark or guidelines are in micrograms per liter for all elements except radon, for which the proposed benchmark is in picocuries per liter]

Bench- Low pH High pH
Element mark or Oxic Mixed Anoxic Oxic Mixed Anoxic
guideline % N % N % N % N % N %
Crystalline-rock aquifers (CRL)
Aluminum 200 91 0.0 15 13 4 0.0 62 0.0 2 0.0 16 0.0
Antimony 6 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Arsenic 10 102 0.0 16 0.0 4 0.0 76 11 3 0.0 19 16
Barium 2,000 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Beryllium 4 91 0.0 15 6.7 4 0.0 63 0.0 2 0.0 16 0.0
Boron 1,000 12 0.0 2 0.0 -- -- 26 0.0 -- -- 11 0.0
Cadmium 5 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Chromium 100 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Copper 1,300 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Iron 300 141 0.0 25 28 5 100 76 0.0 3 67 23 52
Lead 15 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Manganese 300 141 0.0 24 17 5 40 76 0.0 3 0.0 23 17
Molybdenum 40 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Nickel 100 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Radon 300 138 90 25 92 5 100 73 99 3 100 23 83
Selenium 50 90 0.0 15 0.0 4 0.0 60 0.0 2 0.0 16 0.0
Silver 100 91 0.0 15 0.0 4 0.0 63 0.0 2 0.0 16 0.0
Strontium 4,000 30 0.0 9 0.0 -- -- 31 0.0 1 0.0 12 0.0
Thallium 2 12 0.0 2 0.0 -- -- 31 0.0 1 0.0 12 0.0
Uranium 30 141 2.8 25 0.0 5 0.0 76 7.9 3 0.0 23 0.0
Zinc 2,000 91 0.0 15 0.0 4 0.0 62 0.0 2 0.0 16 0.0
Number of elements with 2 5 3 3 2 4

> 1% exceedence
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D::ﬁ::rem Explanatory variable v?r?:bolz EXP(B) p-value (modelcds;tsa::trl;:icnation) Lemeglfjwesrtatistic
Unconsolidated sand and gravel aquifers—Dry climate

Aluminum Silica N 0.957 <0.0001 0.811 0.0709
Dissolved oxygen N 0.872 0.0002
Phosphate B 1.830 0.0031
Nickel B 2.340 <0.0001
Lead B 6.280 0.0050
Selenium B 0.420 <0.0001
Chromium B 2.014 0.0007
Radon B 2.092 0.0008

Arsenic Boron B 2.765 0.0460 0.952 0.001
pH N 8.874 0.0073
Silica N 1.170 <0.0001

Boron Arsenic B 5.112 0.0008 0.876 0.1068
Total dissolved solids N 1.010 <0.0001

Iron pH N 0.100 0.0002 0.959 0.8788
Dissolved oxygen N 0.170 0.0007
Nitrate B 0.199 0.0081
Uranium B 0.195 0.0006
Manganese B 1.001 0.0016
Well depth N 1.003 0.0392

Manganese Nickel B 1.227 0.0002 0.915 0.0540
Dissolved oxygen N 0.507 <0.0001
Well depth N 0.996 <0.0001

Molybdenum Fluoride B 5.277 0.0017 0.825 0.3994
Uranium B 9.254 <0.0001
Selenium B 2.174 0.0038
Dissolved oxygen N 0.782 <0.0001
pH N 4918 <0.0001
Arsenic B 2.442 0.0014
Manganese B 2.289 0.0043

Nickel Total dissolved solids N 1.002 <0.0001 0.807 0.1808
Aluminum N 2.749 <0.0001
Copper B 1.686 0.0074
Uranium B 2.341 0.0007
pH N 0.456 0.0025

Radon Tritium B 3.147 0.0002 0.703 0.9576
Bromide B 3.839 <0.0001
pH N 3.691 0.0123
Nitrate B 0.445 0.0147
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D::ﬁ::rem Explanatory variable v?r?:bolz EXP(B) p-value (modelcds;tsa::trl;:icnation) Lemegltl)jwesrtatistic
Unconsolidated sand and gravel aquifers—Dry climate—Continued
Selenium Specific conductance N 1.001 0.0005 0.884 0.1986
Bromide B 2316 0.0018
Well depth N 1.003 <0.0001
Nitrate B 4376 <0.0001
Aluminum B 0.377 <0.0001
Fluoride B 13.452 0.0003
Manganese B 0.331 <0.0001
Molybdenum B 2.188 0.0204
Uranium B 3.690 0.0010
Iron B 0.417 0.0018
Strontium Specific conductance N 1.005 <0.0001 0.942 0.0828
Uranium Total dissolved solids N 1.002 0.0005 0.908 0.7753
Nitrogen as ammonia B 0.228 0.0001
Phosphate B 0.329 <0.0001
Copper B 2.441 0.0022
Iron B 0.434 0.0087
Molybdenum B 9.775 <0.0001
Selenium B 5.292 <0.0001
Chromium B 2.144 0.0046
Unconsolidated sand and gravel aquifers—Humid climate
Aluminum Calcium N 0.994 0.0079 0.877 0.9472
Nitrogen as ammonia B 5.796 0.0095
Dissolved oxygen N 0.834 0.0005
Arsenic B 2.166 0.0359
Fluoride B 0.251 0.0007
Nickel B 2.650 0.0085
Chromium B 6.924 <0.0001
Arsenic pH N 1.695 0.0077 0.807 0.0118
Potassium N 1.229 0.0002
Silica N 1.042 <0.0001
Phosphate B 2.602 <0.0001
Aluminum B 2.826 0.0003
Copper B 0.405 0.0005
Uranium B 2.974 0.0001
Boron Total dissolved solids N 1.006 <0.0001 0.901 0.0445
Aluminum B 2.751 0.0197

Molybdenum B 3.595 0.0024
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D:::::fem Explanatory variable \;rayrl;:bolz EXP(B) p-value (modelcdsi:::trlisl::icnation) Leme:II?:vTZ:atistic
Unconsolidated sand and gravel aquifers—Humid climate—Continued

Copper pH N 0.449 0.0003 0.832 0.4555
Bromide B 0.362 0.0002
Sulfate N 1.015 <0.0001
Lead B 4.137 0.0004
Uranium B 3.194 0.0002
Zinc B 5.423 <0.0001
Selenium B 2.273 0.0537

Iron Dissolved oxygen N 0.350 <0.0001 0.939 <0.0001
pH N 0.308 <0.0001
Nitrate B 0.096 <0.0001

Manganese Dissolved oxygen N 0.436 <0.0001 0.884 0.8578
pH N 1.961 0.0014
Copper B 0.465 0.0056
Well depth N 0.998 0.00009

Molybdenum Total dissolved solids N 1.003 <0.0001 0.903 0.1047
Silica N 0.981 0.0039
Well depth N 1.006 <0.0001
Fluoride B 2.264 0.0002
Aluminum B 2.366 0.0305
Manganese B 2.559 0.0010
Uranium B 2.869 <0.0001
Chromium B 0.489 0.0222

Nickel Temperature N 1.125 <0.0001 0.842 0.0687
pH N 0.419 0.0001
Sodium N 1.011 0.0009
Nitrogen as ammonia B 0.420 0.0031
Aluminum B 3.589 0.0012
Selenium B 0.340 0.0074
Cobalt B 17.385 0.0003
Chromium B 3.465 <0.0001

Radon Chromium B 0.168 <0.0001 0.867 <0.0001
Well depth N 0.998 0.0004
Uranium B 3.718 0.0002
Dissolved oxygen N 1.299 0.0006
Manganese B 0.284 0.0048

Selenium Total dissolved solids N 1.003 <0.0001 0.866 0.0187
Uranium B 2.655 0.0119
Well depth N 1.002 <0.0001
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D::ﬁ::rem Explanatory variable v?r?:bolz EXP(B) p-value (modelcds;tsa::trl;:icnation) Lemegltl)jwesrtatistic
Unconsolidated sand and gravel aquifers—Humid climate—Continued
Strontium Specific conductance N 1.006 <0.0001 0.972 0.6053
Uranium pH N 2.577 0.0008 0.912 0.5779
Silica N 0.964 0.0002
Total dissolved solids N 1.004 <0.0001
Nitrate B 3.367 0.0002
Nitrogen as ammonia B 0.102 <0.0001
Copper B 1.865 0.0386
Arsenic B 3.571 0.0002
Iron B 0.456 0.0233
Molybdenum B 1.921 0.0336
Zinc Silica N 1.023 0.0068 0.852 0.1797
Phosphate B 0.526 0.0283
Copper B 9.011 <0.0001
Chromium B 0.115 <0.0001
Dissolved oxygen N 1.237 0.0002
Glacial unconsolidated sand and gravel aquifers
Aluminum pH N 0.530 0.0006 0.851 0.0904
Iron B 0.433 0.0087
Chromium B 16.366 <0.0001
Manganese B 5.327 <0.0001
Nickel B 3.096 <0.0001
Arsenic pH N 2312 0.0001 0.801 0.7528
Silica N 1.066 0.0007
Dissolved oxygen N 0.819 <0.0001
Molybdenum B 2.518 0.0005
Uranium B 1.555 0.0966
Well depth N 1.008 0.0002
Boron pH N 2.695 0.0105 0.821 0.2896
Bromide B 4.036 0.0007
Molybdenum B 2.396 0.0337
Temperature N 1.144 0.0055
Potassium N 1.088 0.0251
Copper Potassium N 1.094 0.0337 0.799 0.6210
Nitrate B 3.068 <0.0001
Sulfate N 1.011 <0.0001
Aluminum B 0.380 <0.0001
Iron B 0.478 0.0026
Molybdenum B 0.363 <0.0001
Uranium B 2.160 0.0078
Zinc B 4.842 <0.0001
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D:::::fem Explanatory variable v?r?:bolz EXP(B) p-value (modelcd?sa::t:is;:?nation) Lemegl?:xzrlatistic
Glacial unconsolidated sand and gravel aquifers—Continued

Iron pH N 0.326 <0.0001 0.928 0.9070
Total dissolved solids N 1.002 0.0316
Well depth N 1.011 0.0018
Dissolved oxygen N 0.517 <0.0001
Copper B 0.326 0.0017
Uranium B 0.311 0.0034
Chromium B 0.420 0.0161
Radon B 0.110 <0.0001

Manganese pH N 0.607 0.0095 0.857 0.8400
Well depth N 0.986 <0.0001
Dissolved oxygen N 0.812 <0.0001
Arsenic B 2.385 0.0033
Iron B 2252 0.0034
Uranium B 3.112 0.0002
Cobalt B 4.702 0.0001
Nitrate B 0.426 0.0043

Molybdenum Specific conductance N 1.002 <0.0001 0.893 0.2575
pH N 3.651 <0.0001
Silica N 0.911 0.0002
Bromide B 0.383 0.0040
Dissolved oxygen N 0.899 0.0415
Arsenic B 2914 0.0016
Fluoride B 10 <0.0001
Manganese B 4.157 0.0002
Nickel B 2.957 0.0004

Nickel Aluminum B 3.410 <0.0001 0.768 0.0984
Molybdenum B 2.342 <0.0001
Zinc B 2.862 0.0002
Cobalt B 6.181 <0.0001

Lead Magnesium N 0.957 0.0108 0.825 0.5371
Chloride N 1.012 0.0003
Potassium N 0.582 0.0254
Copper B 1.063 <0.0001

Radon pH N 0.416 0.0006 0.933 0.3919
Nitrate B 3.015 0.0004
Sulfate N 0.989 0.0025
Arsenic B 0.349 0.0012
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D:::::fem Explanatory variable v?r?:bolz EXP(B) p-value (modelcd?sa::t:is;:?nation) Lemegl?:xzrlatistic
Glacial unconsolidated sand and gravel aquifers—Continued

Radon—Continued  Fluoride B 2.356 0.0107
Iron B 0.325 0.0003
Molybdenum B 0.466 0.0211
Cobalt B 2.427 0.0213
Chromium B 0.542 0.0271

Selenium Nitrate B 4.384 0.0004 0.797 0.9472
Uranium B 5.161 <0.0001
Manganese B 0.250 0.0009

Strontium Calcium N 1.020 <0.0001 0.815 0.2493
Sodium N 1.010 0.0300
Dissolved oxygen N .0865 0.0105
Manganese B 0.280 0.0060
Uranium B 5.062 0.0001

Uranium Magnesium N 1.057 <0.0001 0.876 0.8847
Silica N 0.918 0.0015
Well depth N 0.971 <0.0001
Fluoride B 3.321 0.0012
Nickel B 3.173 0.0011
Manganese B 5.226 0.0005
Selenium B 4.092 0.0015

Zinc Temperature N 0.920 0.0028 0.753 0.8044
Specific conductance N 0.999 0.0117
Silica N 1.090 0.0063
Copper B 4.161 <0.0001
Nickel B 2.247 0.0034
Radon B 0.404 0.0016
Cobalt B 3.764 0.0108

Semiconsolidated sand aquifers

Aluminum pH N 0.363 <0.0001 0.856 0.7376
Silica N 0.938 <0.0001
Nitrogen as ammonia B 2.974 0.0250
Nickel B 3.211 0.0031
Iron B 3.062 0.0063
Well depth N 0.997 0.0340

Arsenic Dissolved oxygen N 0.688 0.0003 0.824 0.2713
Molybdenum B 3.198 0.0013
Cobalt B 1.908 0.0653
Silica B 1.039 0.0019
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

Dependent . Type of c statistic Hosmer—
variable Explanatory variable variable EXP(B) p-value (model discrimination) Lemeshow statistic
Semiconsolidated sand aquifers—Continued

Boron Magnesium N 1.142 0.0006 0.784 0.2073
Dissolved oxygen N 0.888 0.0577
pH N 1.646 0.0192

Iron Dissolved oxygen N 0.692 <0.0001 0.812 0.4138
Nitrate B 0.192 0.0011
Uranium B 0.248 0.0077

Manganese Well depth N 0.995 0.0010 0.817 0.4914
Dissolved oxygen N 0.702 <0.0001
Phosphate B 3.446 0.0005
Zinc B 4.638 0.0006
Chromium B 0.519 0.0472

Molybdenum pH N 23.641 0.0007 0.971 0.9381
Total dissolved solids N 1.005 0.0728
Arsenic B 24.806 0.0022
Radon B 9.477 0.0079

Nickel Total dissolved solids N 1.001 0.0510 0.818 0.1158
Iron B 0.482 0.0120
Manganese B 4.4523 0.0039
Cobalt B 15.759 <0.0001
Chromium B 2.803 0.0002

Radon Nitrate B 2.839 0.00018 0.692 0.9451
Molybdenum B 10.720 <0.0001

Selenium Nitrate B 3.720 0.0016 0.785 0.0469
Total dissolved solids N 1.001 0.0096
Iron B 0.296 0.0020
Arsenic B 3.016 0.0133

Strontium Total dissolved solids N 1.011 <0.0001 0.849 <0.0001

Uranium Molybdenum B 17.527 <0.0001 0.926 0.0022
Nitrogen as ammonia B 0.074 0.0009
Sulfate N 1.018 0.0109
Bicarbonate N 1.005 0.0056
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D:::::fem Explanatory variable v?r?:bolz EXP(B) p-value (modelcd?sa::t:is;:?nation) Lemegl?:xzrlatistic
Sandstone aquifers
Aluminum Bromide B 0.142 0.0030 0.954 0.9446
Nitrogen as ammonia B 37.779 <0.0001
Phosphate B 0.194 0.0049
Nickel B 8.611 0.0005
Chromium B 54.073 <0.0001
Arsenic Silica N 1.040 0.0498 0.765 0.4879
Molybdenum B 5.719 <0.0001
Uranium B 0.0278 0.0278
Boron Sodium N 2.0005 <0.0001 0.972 0.7816
Iron pH N 0.231 0.0002 0.953 0.1861
Sodium N 0.991 0.0205
Nitrogen as ammonia B 28.063 <0.0001
Dissolved oxygen N 0.525 <0.0001
Arsenic B 3.895 0.0416
Molybdenum B 0.206 0.0398
Manganese pH N 0.189 <0.0001 0.922 0.9936
Total dissolved solids N 1.001 0.0095
Nitrate B 0.129 0.0064
Iron B 17.920 <0.0001
Copper B 0.128 <0.0001
Molybdenum pH N 6.523 <0.0001 0.929 0.0003
Bromide B 6.187 <0.0001
Well depth N 1.007 0.0010
Arsenic B 6.655 0.0004
Uranium B 6.948 <0.0001
Nickel Specific conductance N 0.999 0.0051 0.880 0.532
Calcium N 1.025 0.0003
Silica N 1.142 0.0013
Well depth N 1.006 0.0133
Aluminum B 10.755 <0.0001
Copper B 6.989 <0.0001
Manganese B 6.749 0.0015
Zinc B 8.674 0.0119
Radon Temperature N 0.798 0.0237 0.835 0.4521
Nitrate B 28.709 <0.0001
Phosphate B 0.482 0.0551
Molybdenum B 9.670 <0.0001
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

Dependent . Type of c statistic Hosmer—
variable Explanatory variable variable EXP(B) p-value (model discrimination) Lemeshow statistic
Sandstone aquifers—Continued
Selenium Sodium N 1.005 <0.0001 0.864 0.5721
Uranium B 6.970 <0.0001
Iron B 0.084 0.0009
Strontium Total dissolved solids N 1.002 0.0118 0.814 0.0241
Uranium Magnesium N 1.087 <0.0001 0.923 0.5177
Nitrogen as ammonia B 0.055 <0.0001
Molybdenum B 24.836 <0.0001
Sandstone and carbonate-rock aquifers
Aluminum Calcium N 0.986 0.0007 0.951 0.5763
Sodium N 1.094 0.0161
Copper B 8.843 0.0011
Manganese B 19.088 0.0019
Zinc B 21.719 <0.0001
Chromium B 24.352 0.0003
Arsenic Temperature N 0.803 0.0010 0.827 0.8154
Molybdenum B 11.318 0.0007
Zinc 0.103 0.0081
Boron --
Iron Copper B 0.215 0.0066 0.907 0.1299
Sulfate N 1.001 0.0375
Manganese 46.877 0.0003
Manganese Temperature N 0.696 0.0001 0.906 0.0947
Iron B 23.787 <0.0001
Chromium B 0.253 0.0472
Radon B 0.143 0.0112
Molybdenum --
Nickel Specific conductance N 1.006 <0.0001 0.807 0.4762
pH N 0.219 0.0025
Sodium N 0.938 0.0020
Zinc B 19.108 0.0056
Radon Temperature N 0.823 0.0015 0.813 0.4555
Specific conductance N 0.999 0.0789
Silica N 0.825 0.0419
Iron B 5.048 0.0116
Selenium B 9.544 0.0051
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D:::::fem Explanatory variable v?r?:bolz EXP(B) p-value (modelcd?sa::t:is;:?nation) Lemegl?:xzrlatistic
Sandstone and carbonate-rock aquifers—Continued
Selenium Dissolved oxygen N 1.525 0.0012 0.837 0.3103
Arsenic B 4.285 0.0519
Uranium B 65.706 <0.0001
Strontium Sulfate N 1.072 0.0008 0.982 0.9075
Uranium Molybdenum B 6.734 0.0002 0.862 0.5618
Selenium B 1.932 0.0007
Bicarbonate N 1.007 0.0248
Calcium N 1.007 0.0159
Carbonate-rock aquifers
Aluminum Calcium N 1.024 <0.0001 0.801 0.6415
Magnesium N 0.914 <0.0001
Sulfate N 0.982 0.0693
Copper B 1.873 0.0818
Arsenic Temperature N 1.425 <0.0001 0.906 0.0615
Molybdenum B 10.625 <0.0001
Iron Well depth N 0.981 0.0003 0.941 0.4243
Arsenic B 5.437 0.0329
Copper B 0.027 <0.0001
Molybdenum B 4.295 0.0371
Manganese Sulfate N 1.039 0.0210 0.922 0.2292
Dissolved oxygen N 0.728 0.0004
Barium B 12.365 0.0018
Iron B 8.533 <0.0001
Lead B 0.080 0.0033
Molybdenum Nitrate B 0.363 0.0720 0.877 0.0025
Sulfate N 1.008 0.0124
Arsenic B 13.173 <0.0001
Zinc B 4.497 0.0209
Radon B 8.615 0.0001
Nickel Specific conductance N 1.009 <0.0001 0.909 0.0012
Silica N 0.762 <0.0001
Bromide B 0.280 0.0141
Nitrate B 5.878 0.0032
Nitrogen as ammonia B 0.052 <0.0001
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> 1 means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

Dependent . Type of c statistic Hosmer-
variable Explanatory variable variable EXP(B) p-value (model discrimination) Lemeshow statistic
Carbonate-rock aquifers—Continued

Radon pH N 0.168 0.0002 0.802 0.1311
Sulfate N 0.979 0.0445
Molybdenum B 9.741 <0.0001

Strontium pH N 0.110 0.0145 0.884 0.0549
Dissolved oxygen N 0.718 <0.0001

Selenium --

Uranium Potassium N 1.208 0.0041 0.854 0.2260
Dissolved oxygen N 0.814 0.0530
Phosphate B 0.141 0.0018
Arsenic B 7.540 0.0002
Nickel B 6.623 0.0007

Basaltic- and other volcanic-rock aquifers

Aluminum pH N 0.015 0.0557 0.863 0.3956
Dissolved oxygen N 58.869 0.0072

Arsenic Radon B 67.655 0.0112 0.986 0.6350
Sulfate N 1.218 0.0313
pH N 168.835 0.0123

Boron Total dissolved solids N 0.895 0.0288 0.957 0.9358
Sulfate N 6.917 0.0266

Iron pH N 0.074 0.0116 0.930 0.9393
Dissolved oxygen N 0.479 0.0003

Manganese Dissolved oxygen N 0.513 <0.0001 0.906 0.4485

Molybdenum --

Nickel -

Radon Dissolved oxygen N 0.615 <0.0001 0.823 0.0109

Selenium Sulfate N 1.076 0.0006 0.901 0.0198
pH N 0.044 0.0042

Strontium -

Uranium
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> | means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D::ﬁ::rem Explanatory variable v?r?:bolz EXP(B) p-value (modelcds;tsa::trl;:icnation) Lemegltl)jwesrtatistic
Crystalline-rock aquifers

Aluminum pH N 0.467 0.0009 0.792 0.6110
Silica N 0.888 <0.0001
Chromium B 3.495 0.0022
Temperature N 1.161 0.0185

Arsenic Barium N 0.117 0.0082 0.821 0.3963
Nickel B 2.961 0.0244
pH N 1.962 0.0055
Dissolved oxygen N 0.720 0.0031

Copper pH N 0.342 0.0004 0910 0.4821
Dissolved oxygen N 1.302 0.0035
Iron B 0.210 0.0027
Nickel B 6.361 0.0006
Zinc B 3.188 0.0342

Iron Dissolved oxygen N 0.650 0.0015 0914 0.8912
Nitrate B 0.061 0.0210
Uranium B 0.199 0.0178
Manganese B 1.005 0.0035
Well depth N 0.995 0.0121

Manganese Dissolved oxygen N 0.608 0.0010 0.916 0.6589
pH N 0.209 0.0001
Iron B 11.674 <0.0001
Zinc B 0.240 0.0414
Aluminum B 0.181 0.0121

Molybdenum pH N 4.058 <0.0001 0.928 0.4879
Fluoride B 10.007 <0.0001
Iron B 0.354 0.0573
Uranium B 3.447 0.0094

Nickel pH N 0.901 0.0691 0.878 0.1475
Magnesium N 0.636 <0.0001
Potassium N 1.189 0.0039
Silica N 0.911 0.0004
Bromide B 5.575 0.0014
Copper B 10.189 0.0005

Lead Temperature N 1.163 0.0086 0.794 0.0345
Molybdenum B 0.142 0.0030
Uranium B 6.350 0.0050
Radon B 3.802 0.0077
Dissolved oxygen N 1.230 0.0140
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Appendix 5. Summaries of logistic regression analyses of selected trace elements by major aquifer group.—Continued

[Dependent variable, binary (0 for non-occurrence, 1 for occurrence, above reporting level); EXP(B), exponentiated model coefficient (equivalent to odds ratio,
> 1 means direct relation and < 1 means inverse relation); ¢ statistic is a measure of model discrimination (area under the receiver operating characteristics
curve); Hosmer-Lemeshow! statistic is a measure of model fit; N, continuous; B, binary; <, less than; --, not analyzed]

D::s::rem Explanatory variable v.IZr[;:boIL EXP(B) p-value (modelcdsi::t:?l:icnation) Leme:Il?zw:atistic
Crystalline-rock aquifers—Continued

Radon Temperature N 0.867 0.0292 0.832 0.6834
Sulfate N 0917 0.0018
Arsenic B 0.162 0.0045
Uranium B 14.724 <0.0001
Lead B 2.724 0.0438

Strontium Calcium N 1.099 0.0011 0.826 0.6674
Molybdenum B 8.883 0.0180

Selenium --

Uranium Calcium N 1.080 <0.0001 0.923 0.3881
Nitrate B 0.266 0.313
Fluoride B 4.863 0.0073
Iron B 0.153 0.0011
Molybdenum B 14.865 <0.0001
Lead B 11.696 0.0010

Zinc Temperature N 1.252 0.0251 0.863 0.0209
pH N 0.279 0.0001
Silica B 0.921 0.0129
Copper B 3.245 0.0126
Cobalt B 0.047 0.0326

! Hosmer, D.W., and Lemeshow, S., 2000, Applied logistic regression (2nd ed.): New York, John Wiley and Sons, 375 p.
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